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Foreword

The U.S. Environmental Protection Agency (EPA) is charged by Congress with protecting the Nation’s
land, air, and water resources. Under a mandate of national environmental laws, the Agency strives to
formulate and implement actions leading to a compatible balance between human activities and the
ability of natural systems to support and nurture life. To meet this mandate, EPA’s research program is
providing data and technical support for solving environmental problems today and building a science
knowledge base necessary to manage our ecological resources wisely, understand how pollutants affect
our health, and prevent or reduce environmental risks in the future.

The National Risk Management Research Laboratory (NRMRL) is the Agency’s center for investigation of
technological and management approaches for preventing and reducing risks from pollution that
threaten human health and the environment. The focus of the laboratory’s research program is on
methods and their cost-effectiveness for prevention and control of pollution to air, land water and
subsurface resources; protection of water quality in public water systems; remediation of contaminated
sites, sediments and ground water; prevention and control of indoor air pollution; and restoration of
ecosystems. NRMRL collaborates with both public and private sector partners to foster technologies
that reduce the cost of compliance and to anticipate emerging problems. NRMRL’s research solutions to
environmental problems by: developing and promoting technologies that protect and improve the
environment; advancing scientific and engineering information to support regulatory and policy
decisions; and providing the technological support and information transfer to insure implementation of
environmental regulations and strategies at the national, state, and community levels.

This publication has been produced as part of the Laboratory’s strategic long-term research plan. ltis
published and made available by EPA’s Office of Research and Development to assist the user
community and to link researchers with their clients.

Sally Gutierrez, Director
National Risk Management Research Laboratory
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Notice

This document was prepared by The Cadmus Group, Inc. (Cadmus) under EPA Contract No. EP-C-05-058,
Task Order 68. The Cadmus Team was lead by Patricia Hertzler and Laura Dufresne with Senior Advisors
Clifford Randall, Emeritus Professor of Civil and Environmental Engineering at Virginia Tech and Director
of the Occoquan Watershed Monitoring Program; James Barnard, Global Practice and Technology
Leader at Black & Veatch; David Stensel, Professor of Civil and Environmental Engineering at the
University of Washington; and Jeanette Brown, Executive Director of the Stamford Water Pollution
Control Authority and Adjunct Professor of Environmental Engineering at Manhattan College.

Disclaimer

The views expressed in this document are those of the individual authors and do not necessarily, reflect
the views and policies of the U.S. Environmental Protection Agency (EPA). Mention of trade names or
commercial products does not constitute endorsement or recommendation for use. This document has

been reviewed in accordance with EPA’s peer and administrative review policies and approved for
publication.
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Abstract

The purpose of this EPA design manual is to provide updated, state-of-the-technology design
guidance on nitrogen and phosphorus control at municipal Wastewater Treatment Plants (WWTPs).
Similar to previous EPA manuals, this manual contains extensive information on the principles of
biological nutrient removal and chemical phosphorus removal to serve as the basis for design. A detailed
description of technologies, both conventional and emerging, serves as a resource for preliminary
technology selection. Because most WWTPs in the United States are equipped with secondary
treatment, the focus of this design manual is on retrofits to add nutrient removal to existing WWTPs
rather than on new treatment plant design, although guidance for greenfield design is presented. Also
new from previous versions, design guidance herein is based on the use of mathematical models and
simulators. Simulators allow designers to study kinetic- as well as time-based solutions while
determining the total mass balances of many constituents. They have become increasingly powerful,
easy to use, and widely accepted for the design of biological nutrient removal facilities. The manual also
includes new information on emerging issues in the industry such as sustainability in wastewater
treatment design and operation, nutrient recovery and reuse, effluent dissolved organic nitrogen, and
measurement of low phosphorus concentrations.

This report was submitted in fulfillment of EPA Contract No. EP-C-05-058, Task Order 68, by The
Cadmus Group, Inc. under the sponsorship of the United States Environmental Protection Agency. This
report covers a period from November 2007 through April 2010 and represents work completed as of
April 2010.
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A/O
A2/0
AMO
ANAMMOX
AOB
AS
ASCE
ASM
AT3
BABE
BAF
BAR
BCFS
bDON
BHRC
BNR
BOD
BODs
BPR
CCF
CFD
CIP
CMAS
C/N
CoD
cov
CR
CsO
CSTR
CWA
CWSRF
DAF
DO
DON
DSS
EBPR
EDC
EDTA
ENR
EPA
FFS
F/M
FWPCA
FWS
GAO

Acronyms and Abbreviations

Anaerobic/Oxic, Pho-redox
Anaerobic/Anoxic/Oxic, 3 Stage Pho-redox
Ammonia Monooxygenase
Anaerobic Ammonia Oxidation
Ammonia Oxidizing Bacteria
Activated Sludge

American Society of Civil Engineers
Activated Sludge Model

Aeration Tank 3

Bio-Augmentation Batch Enhanced
Biological Aerated Filter

Bio-Augmentation Regeneration/Reaeration

Biological Chemical Phosphorus and Nitrogen Removal

Biodegradable Fraction of Dissolved Organic Nitrogen

Ballasted High Rate Clarification Processes
Biological Nutrient Removal
Biochemical Oxygen Demand
Biochemical Oxygen Demand (5-day)
Biological Phosphorus Removal
Continuous Contact Filtration
Computational Fluid Dynamic

Clean in Place

Completely-Mixed Activated Sludge
Carbon to Nitrogen Ratio

Chemical Oxygen Demand
Coefficient of Variation

Consumptive Ratio

Combined Sewer Overflow
Continuous Stirred Tank Reactors
Clean Water Act

Clean Water State Revolving Fund
Dissolved Air Flotation

Dissolved Oxygen

Dissolved Organic Nitrogen
Designated Suspended Solids
Enhanced Biological Phosphorus Removal
Endocrine Disrupting Chemicals
Ethylene Diamine Tetraacetic Acid
Enhanced Nutrient Removal

U.S. Environmental Protection Agency
Fixed-film Systems

Food to Microorganism ratio

Federal Water Pollution Control Act
Free Water Surface

Glycogen Accumulating Organism
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GMP
HRSD
HRT
iDON
IFAS
ISF

ISS
IWA
JHB
LOT
MAUREEN
MBBR
MBR
MCL
MF
MGD
mg/L
MLE
MLSS
MLVSS
MMDF
MUCT
MWRDGC
N

NF
NTU
NOAA
NOB
NPDES
NTT
ORD
ORP
OSHA
OUR
OWASA
OWM

PACI
PAH
PAO
PHA
PHB
PHV
PID
PLC
POTW
PPCPs
RAS

Good Modeling Practices

Hampton Roads Sanitation District

Hydraulic Retention Time

Inert Dissolved Organic Nitrogen

Integrated Fixed-Film Activated Sludge
Intermittent Sand Filter

Inert Suspended Solids

International Water Association

Johannesburg Process

Limit of Technology

Mainstream Autotrophic Recycle Enhanced N-removal
Moving-Bed Biofilm Reactor

Membrane Bioreactor

Maximum Contaminant Level

Microfiltration

Million Gallons per Day

Milligrams per liter

Modified Ludzack Ettinger

Mixed Liquor Suspended Solids

Mixed Liquor Volatile Suspended Solids
Maximum Month Design Flow

Modified University of Capetown

Metropolitan Water Reclamation District of Greater Chicago
Nitrogen

Nanofiltration

Nephelometric Turbidity Units

National Oceanic and Atmospheric Administration
Nitrite-Oxidizing Bacteria

National Pollutant Discharge Elimination System
Nitrogen Trading Tool

EPA Office of Research and Development
Oxidation Reduction Potential

Occupational Safety and Health Administration
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1. Introduction

Chapter 1 covers:

1.1 History of Nutrient Removal

1.2 Purpose and Scope of this Manual
1.3 Manual Organization

1.4 References

1.1 History of Nutrient Removal®

Biological nutrient removal (BNR) at wastewater treatment plants (WWTP) began in the early
1960s. Pioneers such as Ludzack and Ettinger (1961) and Wuhrman (1964) made efforts to develop
biological nitrogen removal (nitrification-denitrification) wastewater treatment systems. Levin and
Shapiro (1965) researched biological phosphorus removal, and developed a patented process for it,
known as PhoStrip. However, the systems devised by Ludzack, Ettinger, and Wuhrman, did not utilize an
internal recycle to obtain significant utilization of the influent biochemical oxygen demand (BOD), and
the proposed biological mechanisms of the PhoStrip process remained controversial because its two
final steps were the release of phosphorus from activated sludge under anaerobic conditions and then
chemical precipitation of the released phosphorus in a separate reactor.

The major process development breakthroughs for biological removal of both nitrogen and
phosphorus utilizing the influent BOD resulted from the work of James Barnard in South Africa in the
early 1970s. He first developed a single sludge process configuration with internal recycle that utilized
the influent BOD for denitrification (1973). It subsequently became the standard nitrogen removal
process for the wastewater industry. It is now known as the modified Ludzack-Ettinger (MLE) process.
He also demonstrated that anaerobic-aerobic sequencing of activated sludge, with influent BOD first
flowing into the anaerobic zone, was necessary to obtain robust biological phosphorus removal (BPR).
This discovery was first published in 1975. Theoretical support that the mechanism was biological and
not chemical was supplied by Fuhs and Chen (1975) in the same year. Barnard developed several
process configurations for both separate and combined biological removal of nitrogen and phosphorus.
A four stage anoxic-aerobic-anoxic-aerobic process designed primarily for nitrogen removal was
patented as the Bardenpho Process (1978). The five stage version, created by adding an anaerobic zone
as the first stage became known as the Modified Bardenpho Process.

Also during the mid-1970s, an anaerobic-aerobic wastewater treatment configuration was being
developed in the United States for control of filamentous growths in activated sludge. This process was
patented by Marshall Spector and acquired by Air Products and Chemical, Inc. They learned from
Barnard that anaerobic-aerobic sequencing of activated sludge also could be used to accomplish BPR
and patented the configuration as the Anaerobic-Oxic (AQO) process, which was identical to the Phoredox
configuration developed by Barnard in South Africa. They then combined it with an anoxic zone and
patented the resulting configuration as the Anaerobic-Anoxic-Oxic (A2/0) process, again identical to a
configuration developed by Barnard. At this time, the detrimental impacts of nitrate recycle in return

! By Dr. Clifford Randall, Professor Emeritus, Virginia Tech
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activated sludge (RAS) to the anaerobic zone on BPR performance was not fully understood, and many
of the PhoStrip, Phoredox/A2/0, and Modified Bardenpho plants were removing phosphorus erratically.
The South African Government requested that Professor Gerrit Marais and his co-workers at the
University of Cape Town investigate and resolve the issue. They developed a modification of the
Phoredox/A2/0 configuration, dubbed the University of Cape Town (UCT) process, that first sent the
RAS to the anoxic zone then added a second internal recycle to recycle denitrified mixed liquor from the
effluent of the anoxic zone back to the influent of the anaerobic zone. Based on the supposition that
denitrification would occur only in the anoxic zone, a modified version of the UCT process was
developed for wastewaters with a high Total Kjeldahl Nitrogen (TKN) to BOD ratio.

BNR was introduced to North America in the early 1980s through implementation of BNR
facilities at Kelowna, BC, Canada, and at Orange County, FL. BNR was introduced to the Chesapeake Bay
region in 1984 by a seminar and a workshop organized by Dr. Clifford Randall (Virginia Tech) and held at
Richmond, VA. Then, working with the Hampton Roads Sanitation District (HRSD) and the Virginia Water
Pollution Control Board, a pilot plant study of a high rate UCT process was conducted at the HRSD
Lambert’s Point primary treatment plant in 1985-86, and followed by full-scale research-demonstrations
of the A/O, A2/0 and UCT processes at the HRSD York River Plant from 1986-90. Overlapping the York
River demonstrations, which resulted in patenting of the Virginia Initiative Plant (VIP) BNR process, were
full-scale demonstrations of BNR (both N and P removal) at the Anne Arundel County, MD, Maryland
City WWTP, and the Bowie, MD, WWTP. Also overlapping these events were the design and
construction of the Mauldin Road WWTP, Greeneville, SC, and modification of two plants in Charlotte,
NC. North American BNR developments moved rapidly in the late 1980s and early 1990s, resulting in
BPR and BNR implementation, design and construction at sites as diverse as the Bonnybrook WWTP,
Alberta, Canada, Hillsborough County, FL, Frederick, MD, Atlanta, GA, and modification of the Howard
County, MD, WWTP from the PhoStrip to the Phoredox/A2/0 configuration.

BNR began to be implemented in Europe on a widespread basis in 1987, first in Germany and
The Netherlands, followed by Denmark, Austria, Czech Republic, Italy and France. Schreiber Klarenlagen
with their unique Simultech Process wherein BPR, nitrification, and denitrification all occurred
simultaneously in one continuous flow reactor was a pace setter in Germany while Kruger, Inc., led the
way in Denmark under the guidance of Professor Poul Harremoes and his co-workers at the Danish
Institute of Technology.

The engineering art of BNR has progressed towards maturity during the past two decades with
the addition of advanced practices such as pre-fermentation of primary sludge to enhance BPR,
integration of fixed-film media into activated sludge (IFAS) to enhance nitrogen removal, utilization of
biological filters for nitrogen removal, and widespread use of tertiary filters for dentrification and
chemical phosphorus removal to lower levels. Recent efforts to develop economical methods for the
nutrient removal in sites with limited space for expansion have resulted in the emergence of two
innovative technological approaches:

1) Technologies such as membrane bioreactors or ballasted flocculation to remove suspended
solids to very low concentrations and simultaneously eliminate or greatly reduce the size of
secondary settling basins.

2) Sidestream processes such as SHARON, ANAMMOX, IN-NITRI and others to either remove
nitrogen from ammonia-rich flows from sludge processing or enhance removal in the main
stream process.
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Nitrogen removal has been widely implemented along the Connecticut coast of Long Island
Sound. More stringent effluent standards, typically 3.0 milligrams per liter (mg/L) total nitrogen (TN) and
0.1 or lower mg/L total phosphorus (TP), in regions such as the Chesapeake Bay watershed, coastal
areas of North Carolina, Okanagan Lake area of British Columbia, Canada, mid-Colorado and Kalispell,
WY, have advanced the art from BNR to enhanced nutrient removal (ENR). A combination of BNR,
chemical additions and effluent filtration are typically used to accomplish ENR.

A clear trend of the wastewater treatment industry is a greater emphasis on incorporating
elements of recycle, recovery, and reuse into plant design and operation. Sustainable nutrient recovery
and reuse is gaining national and international attention as wastewater utilities look for ways to
decrease energy costs and greenhouse gas emissions, utilize excess capacity, generate new revenue,
and address ever more stringent regulatory requirements. This evolution in thinking is moving
wastewater treatment to enhanced energy efficiency and changing the role of wastewater treatment
facilities from waste generators to resource providers.

1.2 Purpose and Scope of this Manual

Research and technology development through the mid-70s were the basis for EPA’s first design
manual for nitrogen control technologies. This document, “Process Design Manual for Nitrogen
Control,” (EPA, 1975) was published in 1975. This manual covered a broad range of processes that were
being evaluated and applied at the time. The intent of the manual was to present design information for
technologies that appeared to have a viable, practical application to nitrogen control. Two broad
categories of treatment processes were addressed. The first group of processes provides for the
conversion of organic and ammonium nitrogen by oxidation to nitrate nitrogen. These processes are
biological and are generally referred to as nitrification. The second group of processes removes nitrogen
from the wastewater. These processes are also biological, using an anoxic denitrification step with
nitrification. Physical/chemical processes were also presented for nitrogen removal, including ion
exchange, ammonia stripping, and breakpoint chlorination. Between the publication of the first nitrogen
control manual and the update of the manual in 1993, the trend in nitrogen control technology was
almost exclusively towards biological processes. Biological processes became proven and well
demonstrated and were most efficiently expanded or upgraded for biological nitrification or total
nitrogen removal. The focus of the 1993 updated document, “Manual — Nitrogen Control,” (EPA, 1993)
was on biological/mechanical processes that were finding widespread application for nitrification and
nitrogen removal.

In 1971, EPA published its first phosphorus control design manual. This manual, “Process Design
Manual for Phosphorus Removal,” (EPA, 1971) focused on phosphorus removal methods that involve
chemical precipitation. Primarily, the manual focused on the chemical precipitation of phosphorus using
salts of aluminum and iron, and lime. The chemical application points addressed in the manual were
before primary settling, in the aeration tanks, before final settling, or in a tertiary process. In 1976,
“Process Design Manual for Phosphorus Removal” (EPA, 1976) was updated. Specifically, design
guidance for phosphorus removal using mineral addition and lime addition before primary settling was
revised. Also, guidance for chemical storage, chemical feed systems and residuals handling and disposal
was updated. In 1987, EPA published two technical documents that addressed phosphorus control. The
first was an update to the 1976 Process Design Manual for Phosphorus Removal (EPA, 1987a). The
second was a handbook titled, “Handbook — Retrofitting POTWs for Phosphorus Removal in the
Chesapeake Bay Drainage Basin.” (EPA, 1987b) The update of the design manual included a major
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addition of guidance for biological phosphorus removal. Also, the use of lime addition was not covered
in this update due to its loss of popularity in the 80s. The technical guidance provided in the 1987
handbook was focused on the unique phosphorus removal requirements being applied to municipal
wastewater treatment plants in the Chesapeake Bay watershed. Because of the varying levels of
phosphorus control within the watershed, the handbook included an assessment of technologies for
meeting total phosphorus effluent limits of 0.2 mg/L, 0.5 mg/L, 1 mg/L, and 2 mg/L. Because some
treatment plants in the Chesapeake Bay watershed need to control both nitrogen and phosphorus, the
handbook included a chapter titled, “Compatibility of Chemical and Biological Phosphorus Removal with
Nitrogen Control.”

In 2007, EPA initiated the process to develop updated design guidance for both nitrogen and
phosphorus removal at municipal WWTPs. The first step was an extensive, state-of-the-technology
review of nitrogen and phosphorus control technologies and techniques currently applied and emerging
at municipal wastewater treatment plants. This technology review culminated with the publication of
the “Nutrient Control Design Manual: State of the Technology Review Report” (USEPA 2009) as an
interim document in the development of the updated design manuals.

The purpose of this EPA design manual is to provide updated, state-of-the-technology design
guidance on nitrogen and phosphorus control at municipal WWTPs to wastewater utility owners and
operators, state and EPA permit writers, and environmental engineering professionals. Similar to
previous EPA manuals, this manual includes extensive information on the principles of biological
nutrient removal and chemical phosphorus removal to serve as the basis for design. A detailed
description of technologies, both conventional and emerging, serves as a resource for preliminary
technology selection. The manual presents new information on emerging issues in the industry such as
sustainability in wastewater treatment design and operation, nutrient recovery and reuse, effluent
dissolved organic nitrogen, and measurement of low phosphorus concentrations. Although this manual
provides some examples of proprietary and emerging technologies, EPA recognizes that the industry is
continually evolving and that new technologies not identified in this manual may emerge in the future.

Because the majority of WWTPs in the United States are equipped with secondary biological
treatment, the focus of this design manual is on process and technology modifications/additions for
nutrient removal at existing WWTPs rather than on new treatment plant design, although guidance for
greenfield design is presented. Also new from previous versions, design guidance herein is based on the
use of mathematical models and simulators. Simulators allow designers to study kinetic- as well as time-
based solutions while determining the total mass balances of many constituents. They have become
increasingly powerful, easy to use, widely accepted, and recommended by WEF and ASCE (2010) for the
design of biological nutrient removal facilities. Earlier versions of EPA nutrient control manuals (USEPA
1993; USEPA 1987a; USEPA 1987b) still contain very useful guidance (including examples) on process
design using hand calculations that can be used for very preliminary sizing or checks on simulation
results.

This manual compliments detailed cost data and in-depth facility case studies published in the
Municipal Nutrient Removal Technologies Reference Document (USEPA 2008a) and analysis of emerging
technologies for nutrient removal presented in the Emerging Technologies Report on Wastewater
Treatment (USEPA 2008b). Both documents are available for download from EPA’s website at
http://www.epa.gov/OWM/mtb/publications.htm
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1.3 Manual Organization

This design manual has 14 chapters and 3 appendices. It is generally organized with the theory
of nutrient removal presented first followed by a description of nutrient removal technologies; guidance
on establishing design objectives and selecting candidate treatment processes; and design approaches
for chemical phosphorus removal, biological nutrient removal, and effluent filtration. Later chapters
describe operational improvements for enhancing technology performance and guidance on
instrumentation and controls. The last chapter, Chapter 14, discusses sustainable recovery and reuse. A
more detailed description of each chapter is provided below.

e Chapter 2. Need for and Benefits of Nitrogen and Phosphorus Removal provides background
information on sources of nitrogen and phosphorus in wastewater. It reviews the status of
wastewater treatment in the U.S., the impairment of waterways by excessive nutrients,
government and industry initiatives to reduce nutrient pollution, and the additional benefits and
challenges of nutrient removal.

e Chapter 3. Principles of Phosphorus Removal by Chemical Addition describes the available
forms of metal salts and lime and their reactions with phosphorus. It provides a general
description of solids separation process and the effects of various treatment options on sludge
production and handling.

e Chapter 4. Principles of Biological Nitrogen Removal examines the fundamental microbiology
behind nitrification and denitrification including stoichiometrics and kinetics. It discusses
denitrification kinetics with internal and external carbon sources. Simultaneous nitrification-
denitrification and potential impacts on sludge handling are also discussed.

e Chapter 5. Principles of Biological Phosphorus Removal provides a detailed discussion of the
biological phosphorus removal process including kinetics, substrate requirements,
environmental conditions, design and operational considerations, and impacts on sludge
processing and handling.

e Chapter 6. Overview of Nitrogen and Phosphorus Removal Technologies describes the
technologies available for removing nitrogen, phosphorus, or both from wastewater. Diagrams
are provided for most technologies. It presents information on technology performance
including design and operational factors affecting a plant’s ability to achieve low effluent
concentrations.

o Chapter 7. Establishing Design Objectives summarizes this critical step in upgrading or
retrofitting an existing WWTP. It provides guidance on establishing design flow rates,
characterizing flow and contaminants in influent wastewater including detailed sampling
methodologies and data verification steps, and setting goals for process reliability, sustainability,
and flexibility. The chapter also describes solids handling options and site constraints.

e Chapter 8. Selecting Candidate Treatment Processes for Plant Upgrades describes technology
selection factors including treatment goals, available footprint, hydraulic considerations,
chemical needs, solids processing capabilities, and energy considerations. It summarizes
advantages and disadvantages of different technology types. It also provides an overview of a
recommended approach to technology selection and discusses use of advanced tools.
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e Chapter 9. Design Approach for Phosphorus Removal by Chemical Addition provides guidelines
on selecting a chemical precipitant, choosing application points, and determining chemical dose.
It provides detailed guidance on designing a chemical feed system and considerations for rapid
mix, flocculation, and solids separation processes to maximize phosphorus removal.

e Chapter 10. Design Approach for Biological Nutrient Removal presents a step-by-step approach
for designing wastewater treatment upgrades for nutrient removal using mathematical models.
It provides practical recommendations for data collection and evaluation and model calibration.
It includes design checks for nitrogen and phosphorus removal. This chapter also provides an
alternative design approach using hand or spreadsheet calculations that designers can use to
prepare rough estimates and/or to check model outputs.

e Chapter 11. Design Approach for Effluent Filtration discusses the options in filtration
technology for effluent polishing and nutrient removal. It provides design guidance on granular
media filters and alternative technologies such as cloth filters, disk filters, and membranes.
Information on emerging filtration technologies for removal of phosphorus to low effluent
concentrations is also provided.

e Chapter 12. Operation and Optimization to Enhance Nutrient Removal includes information on
how to optimize the performance of existing operations by incorporating SCADA and other
instrumentation. The chapter also discusses common operational changes to improve system
performance and enhance the cost effectiveness of treatment processes.

e Chapter 13. Instrumentation and Controls discusses online instrumentation for nutrient control
including automated control and optimization, advanced automated control, and SCADA
equipment, all of which can lead to better process optimization and more stable technology
performance.

e Chapter 14. Sustainable Nutrient Recovery and Reuse examines the latest advances in nutrient
recovery including separating and treating waste on-site and how to use wastewater treatment
byproducts to decrease energy costs and greenhouse gas emissions, take advantage of excess
capacity, and generate new revenue.

The manual is supported by three technical appendices containing recommendations on
methanol safety (Appendix A), a list of organic compounds and inhibitory concentrations to nitrification
(Appendix B), and background information on mathematical models for biological nutrient removal
(Appendix C).
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2. Need for and Benefits of Nitrogen and Phosphorus Removal

Chapter 2 covers:

2.1 Introduction

2.2 Sources of Nitrogen and Phosphorus in Wastewater
2.3 Status of Wastewater Treatment in the United States
2.4 Nutrient Impairment of U.S. Waterways

2.5 Climate Change Impacts

2.6 Federal and State Regulations and Initiatives to Reduce Nutrient
Pollution

2.7 Industry Initiatives—the WERF Removal Challenge

2.8 Benefits of Nutrient Removal

2.9 Challenges of Nutrient Removal

2.10 References

2.1 Introduction

The harmful effects of eutrophication due to excessive nitrogen and phosphorus concentrations
in the aquatic environment have been well documented. Algae and phytoplankton growth can be
accelerated by higher concentrations of nutrients, leading to harmful algal blooms, hypoxia, and loss of
submerged aquatic vegetation (SAV). Depending on the specific water body characteristics, either
nitrogen or phosphorus can be limiting (i.e., present in the smallest amount compared to growth
requirements). In addition to stimulating eutrophication, nitrogen in the form of ammonia can exert a
direct demand on dissolved oxygen (DO) and can be toxic to aquatic life. Even if a wastewater
treatment plant (WWTP) converts ammonia to nitrate by a biological nitrification process, the resultant
nitrate can stimulate algae and phytoplankton growth.

From a public health perspective, eutrophication may also cause risks to human health, resulting
from consumption of shellfish contaminated with algal toxins or direct exposure to waterborne toxins.
Eutrophication, in particular, can create problems if the water is used as a source of drinking water.
Chemicals used to disinfect drinking water will react with organic compounds in the source water to
form disinfection byproducts, which are potential carcinogens and are regulated by the USEPA. Excess
levels of nitrates above the maximum contaminant level (MCL) in drinking water (10 ppm) can cause
numerous negative health effects due to the body’s conversion of nitrate to nitrite, including serious
illness and sometimes death. Infants in particular are susceptible to these effects, which can interfere
with the oxygen-carrying capacity of the blood. This interference can lead to an acute condition in which
health deteriorates rapidly over a period of days. Symptoms include shortness of breath and blueness of
the skin (methemoglobinemia; also known as “Blue-baby Syndrome”).

For these reasons, it is important to limit nitrogen and phosphorus contamination of surface and
ground water. One way to minimize this contamination is to reduce levels of nitrogen and phosphorus
in wastewater treatment plant effluent. This chapter will discuss the various sources of these
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contaminants, the impacts they have in the environment, initiatives that are being taken to reduce these
pollutants, and the benefits that can be realized by these efforts.

2.2 Sources of Nitrogen and Phosphorus in Wastewater
This section provides an overview of the sources of nitrogen and phosphorus in wastewater.
2.2.1 Nitrogen

Nitrogen is an essential nutrient for plants and animals. Approximately 80 percent of the Earth’s
atmosphere is composed of nitrogen, and it is a key element of proteins and cells. The major
contributors of nitrogen to wastewater are human activities such as food preparation, showering, and
waste excretion. The per capita contribution of nitrogen in domestic wastewater is about one-fifth of
that for biochemical oxygen demand (BOD). Total nitrogen in domestic wastewater typically ranges
from 20 to 70 mg/L for low to high strength wastewater (Tchobanoglous et al. 2003). Factors affecting
concentration include the extent of infiltration and the presence of industries. Influent concentration
varies during the day and can vary significantly during rainfall events, as a result of inflow and infiltration
to the collection system.

The most common forms of nitrogen in wastewater are:

e Ammonia (NH;)

e Ammonium ion (NH,")
e Nitrite (NO5)

e Nitrate (NO3)

e QOrganic nitrogen

Total Kjeldahl Nitrogen (TKN) is a common nitrogen measurement parameter. This measurement
combines ammonium and organic nitrogen, i.e. reduced forms of nitrogen. It also is typically equal to
the total nitrogen (TN) in wastewaters influent to sewage treatment plants because conditions in sewers
usually result in the reduction of all oxidized forms of nitrogen. However, this is not true in some
collection systems, notably those in steep terrains where sheet flow may dominate flow in the sewers,
resulting in aeration of the sewage and the formation of nitrates during flow. The oxidized forms of
nitrogen must be measured in addition to TKN to determine influent TN for such collection systems.

Nitrogen in domestic wastewater consists of approximately 60 to 70 percent ammonia-nitrogen
and 30 to 40 percent organic nitrogen (Tchobanoglous et al. 2003; Crites and Tchobanoglous 1998).
Most of the ammonia-nitrogen is derived from urea, which breaks down rapidly to ammonia in
wastewater influent.

WWTPs designed for nitrification and denitrification can remove 80 to 95 percent of inorganic
nitrogen, but the removal of organic nitrogen is typically much less efficient (Pehlivanoglu-Mantas and
Sedlak, 2006). Domestic wastewater organic nitrogen may be present in particulate, colloidal, or
dissolved forms and consist of proteins, amino acids, aliphatic N compounds, refractory natural
compounds in drinking water (e.g., humic substances), or synthetic compounds (e.g., ethylene diamine
tetraacetic acid (EDTA) and textile dyes). Organic nitrogen may be released in secondary treatment by
microorganisms either through metabolism or upon death and lysis. Some nitrogen may be contained in
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recondensation products. Hydrolysis of particulate and colloidal material by microorganisms releases
some organic nitrogen as dissolved, biodegradable compounds. Amino acids are readily degraded
during secondary biological treatment, with 90 to 98 percent removal in activated sludge systems and
76 to 96 percent removal in trickling filters. However, other forms of organic nitrogen may be more
persistent in wastewater treatment processes.

The importance of the organic nitrogen fraction has increased as effluent limits on nitrogen
have become more stringent. With more impaired waterways from nutrient loads, effluent limits for
total nitrogen (TN) concentrations of 3.0 mg/L or less are becoming more common. The dissolved
organic nitrogen (DON) concentration in the effluent from biological nutrient removal (BNR) treatment
facilities was found to range from 0.50 to 1.50 mg/L in 80 percent of 188 plants reported by Pagilla
(STAC-WERF 2007), and values as high as 2.5 mg/L were observed. Thus, for systems without effluent
filtration or membrane bioreactors (MBRs) that are trying to meet a TN treatment goal of 3.0 mg/L, the
effluent DON contribution can easily be 20 to 50 percent of the total effluent nitrogen concentration,
compared to only about 10 percent for conventional treatment (Pehlivanoglu-Mantas and Sedlak 2004).
See Chapter 4 of this manual for additional discussion of effluent DON and its implications for nutrient
removal.

2.2.2 Phosphorus

Total phosphorus (TP) in domestic wastewater typically ranges between 4 and 8 mg/L but can be
higher depending on industrial sources, water conservation, or whether a detergent ban is in place.
Sources of phosphorus are varied. Some phosphorus is present in all biological material, as it is an
essential nutrient and part of a cell’s energy cycle. Phosphorus is used in fertilizers, detergents, and
cleaning agents and is present in human and animal waste.

Phosphorus in wastewater is in one of three forms:

e Phosphate (also called Orthophosphate)
e Polyphosphate
e Organic phosphorus

The orthophosphate fraction is soluble and can be in one of several forms (e.g., phosphoric acid,
phosphate ion) depending on the solution pH. Polyphosphates are high-energy, condensed phosphates
such as pyrophosphate and trimetaphosphate. They are also soluble but will not be precipitated out of
wastewater by metal salts or lime. They can be converted to phosphate through hydrolysis—which is
very slow—or by biological activity.

Organic phosphorus can be soluble, colloidal or particulate, i.e. settleable. It can also be divided
into biodegradable and non-biodegradable fractions. Particulate and colloidal organic phosphorus is
generally settled or precipitated out and removed with the sludge. Soluble organic biodegradable
phosphorus can be hydrolyzed into orthophosphate during the treatment process. Soluble organic non-
biodegradable phosphorus will pass through a WWTP. Assuming an influent TP of 6 -8 mg/L, a typical
wastewater will contain 3 to 4 mg/L phosphorus as phosphate, 2 to 3 mg/L as polyphosphate, and 1
mg/L as organically bound phosphorus (WEF and ASCE 2006).
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2.3 Status of Wastewater Treatment in the United States

The 1972 Amendments to the Federal Water Pollution Control Act (FWPCA) (Public Law 92-500),
also known as the Clean Water Act (CWA), established the foundation for wastewater discharge control
in the United States. The CWA’s primary objective is to “restore and maintain the chemical, physical,
and biological integrity of the Nation’s waters.” The CWA established a program to ensure clean water
by requiring permits that limit the amount of pollutants discharged by all municipal and industrial
dischargers into receiving waters. Discharges are regulated under the National Pollutant Discharge
Elimination System (NPDES) permit program. As of 2004, there were 16,583 municipal wastewater
treatment plants [also known as Publicly Owned Treatment Works (POTWs)] regulated under the CWA,
serving approximately 75 percent of the nation’s population (U.S. Public Health Service and USEPA 2008)
with the remaining population served by septic or other decentralized (cluster) systems.

Wastewater treatment has generally been defined as containing one or more of the following
four processes: (1) preliminary, (2) primary, (3) secondary, and (4) advanced (or tertiary) treatment.
Preliminary treatment consists of grit removal, which removes dense inert particles, and screening to
remove rags and other large debris. Primary treatment involves gravity settling tanks to remove
settleable solids, including settleable organic solids. The performance of primary settling tanks can be
enhanced by adding chemicals to capture and flocculate smaller solid particles for the precipitation and
removal of phosphorus. Secondary treatment follows primary treatment in most plants and employs
biological processes to remove colloidal and soluble organic matter. Effluent disinfection is usually
included in the definition of secondary treatment.

EPA classifies advanced treatment as “a level of treatment that is more stringent than secondary
or produces a significant reduction in conventional, non-conventional, or toxic pollutants present in the
wastewater” (U.S. Public Health Service and USEPA 2008). Other technical references subdivide
advanced treatment, using the terms “secondary with nutrient removal” when nitrogen, phosphorus, or
both are removed and “tertiary removal” to refer to additional reduction in solids by filters or
microfilters (Tchobanoglous et al. 2003). Effluent filtration and nutrient removal are the most common
advanced treatment processes.

The CWA requires that all municipal WWTP discharges meet a minimum of secondary
treatment. Based on data from the 2004 Clean Watersheds Needs Survey, 16,543 municipal WWTPs
(99.8 percent of plants in the country) meet the minimum secondary wastewater treatment
requirements. Of those that provide at least secondary treatment, approximately 44 percent (7,322
plants) provide some kind of advanced treatment (U.S. Public Health Service and USEPA 2008). Figure 2-
1 shows how secondary and advanced wastewater treatment has been implemented since 1940 and
also provides projected treatment for 2024. Note that “No Discharge” refers to systems that do not
discharge treated wastewater to the nation’s waterways but instead dispose of wastewater via methods
such as industrial reuse, irrigation, or evaporation.
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Figure 2-1. Population served by POTWs nationwide for select years between 1940 and 2004 and projected to 2024 (if all needs
are met), organized by wastewater treatment type. Source: U.S. Public Health Service and USEPA Clean Watersheds Needs
Surveys 2004 Report to Congress (U.S. Public Health Service and USEPA 2008).

24 Nutrient Impairment of U.S. Waterways

According to the 2007 report Effects of Nutrient Enrichment in the Nation’s Estuaries: A Decade
of Change, increased nutrient loadings promote a progression of symptoms that begin with excessive
growth of phytoplankton and macroalgae and advance to the point where grazers cannot control
growth (Bricker et al., 2007). These blooms may be problematic, potentially lasting for months at a time
and blocking sunlight to light-dependent SAV. In addition to increased growth, changes in naturally
occurring ratios of nutrients may also affect which species dominate, potentially leading to
nuisance/toxic algal blooms. These blooms may also lead to other, more serious symptoms that affect
biota, such as low DO and loss of SAV. Once water column nutrients have been depleted by
phytoplankton and macroalgae and these blooms die, the bacteria decomposing the algae then
consume oxygen, making it less available to surrounding aerobic aquatic life. Consequently, fish and
invertebrate kills may occur due to hypoxia and anoxia (conditions of low to no DO).

Four examples of impaired large water bodies impacted by nutrient loadings are described
below. There are more than 80 additional estuaries and bays, and thousands of rivers, streams, and
lakes that are also impacted by nutrients in the United States. In fact, all but one state and two
territories have CWA section 303(d) listed" water body impairments for nutrient pollution. Collectively,
states have listed over 10,000 nutrient and nutrient—related impairments.

2.4.1 Northern Gulf of Mexico
Advanced eutrophic conditions can lead to “dead zones” with limited aquatic life, which

describes the hypoxia condition that exists in the Northern Gulf of Mexico. A recent U.S. Geological
Survey (USGS) report titled Differences in Phosphorus and Nitrogen Delivery to the Gulf of Mexico from

! Required by Section 303(d) of the CWA, the 303(d) list is a list of state’s water bodies that do not meet or are not
expected to meet applicable Water Quality Standards with technology-based controls alone.
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the Mississippi River Basin documents the contribution of nitrogen and phosphorus from agricultural
and non-agricultural sources in the Mississippi River basin (Alexander et al. 2008). On June 16, 2008, the
joint federal-state Mississippi River/Gulf of Mexico Watershed Nutrient Task Force released its 2008
Action Plan for Reducing, Mitigating, and Controlling Hypoxia in the Northern Gulf of Mexico and
Improving Water Quality in the Mississippi River Basin, which builds upon its 2001 plan by incorporating
emerging issues, innovative approaches, and the latest science, including findings from EPA’s Science
Advisory Board. Improvements include more accountability through an Annual Operating Plan, better
tracking of progress, state and federal nutrient reduction strategies, and a plan to increase awareness of
the problem and implementation of solutions (USEPA 2008c).

2.4.2 Chesapeake Bay

Nutrient pollution has caused significant problems in the Chesapeake Bay. Elevated levels of
both nitrogen and phosphorus are the main causes of poor water quality and loss of aquatic habitats in
the Bay. Significant algae blooms on the water surface block the sun’s rays from reaching underwater
bay grasses. Without sunlight, bay grasses cannot grow and provide critical food and habitat for blue
crabs, waterfowl, and juvenile fish. Created in 1983, the Chesapeake Bay Program (CBP) is a
comprehensive cooperative effort by federal, state, and local governments; nongovernmental
organizations; academics; and other entities that share the mission of restoring and protecting the
Chesapeake Bay and its watershed. The CBP estimates that 22 percent of the phosphorus loading and 19
percent of the nitrogen loading in the Bay comes from municipal and industrial wastewater facilities
(Chesapeake Bay Program, 2008).

To address the need to decrease these pollutants and restore the health of the Bay, the US EPA
Chesapeake Bay Office (CBO), along with its partners, developed the Chesapeake Action Plan (CAP),
which included goals for the year 2000. The CAP provided a strategic framework that unified CBP’s
existing planning documents and clarified how CBP partners would pursue the restoration and
protection goals for the Bay and its watershed; created an activity integration plan with comprehensive,
quality assured data for 2007 that identifies and catalogs CBP partners’ implementation activities and
corresponding resources; and provided high-level summaries of key information, such as clear status of
progress, expected progress toward certain Chesapeake 2000 goals, summaries of actions and funding,
and a brief summary of the challenges and actions needed to expedite progress. A summary of the
progress to date can be found in a July 2008 Report to Congress: Strengthening the Management,
Coordination, and Accountability of the Chesapeake Bay Program. To date, uniform water quality
standards have been adopted across the Bay, an aggressive permitting approach for WWTPs has been
established, the most cost-effective agricultural best management practices (BMPs) have been
implemented, and forests and wetlands surrounding the Bay have been restored.

2.4.3 Great Lakes

The Great Lakes were the first bodies of water to attract national attention to the problem of
nutrient caused eutrophication. In the 1960s, Lake Erie was declared “dead” when excessive nutrients
in the Lake stimulated excessive algae blooms that covered beaches and killed off native aquatic species
as a result of oxygen depletion. At that time, phosphorus was the primary nutrient of concern due to
the use of phosphate detergents and inorganic fertilizers. Algal assays showed that phosphorus was the
limiting nutrient in the Lakes, which is typical for fresh water bodies. Thus, the focus was on the control
of phosphorus. With the enactment of the CWA and the Great Lakes Water Quality Agreement in 1972,
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a concerted effort was undertaken to reduce pollutant loadings, particularly phosphorus, to the Lake.
Although the health of the Lake improved dramatically, in recent years, there has been renewed
attention to the re-emergence of a “dead” zone in Lake Erie, again due to nutrient loadings. Recent
studies by scientists and the National Oceanic and Atmospheric Administration (NOAA) have also
hypothesized a relationship between excessive nutrients in the Lake and the presence of two aquatic
invasive species—the zebra mussel and the quagga mussel (Vanderploeg et al. 2002).

2.4.4 Longlsland Sound

Development and population increases in the Long Island Sound Watershed have resulted in a
significant increase in nitrogen loading, the current limiting nutrient to the Sound. The increased
nitrogen loads have stimulated plant growth, increased the amount of organic matter settling to the
benthic zone, lowered DO levels, and changed habitats. The primary concerns in the Sound include
hypoxia, the loss of sea grass, and alterations in the food web. Management efforts are currently
underway to reduce nitrogen pollution by more than half with a focus on two areas: (1) upgrading
WWTPs with new technologies and (2) removing nitrogen by reducing polluted run-off through BMPs on
farms and suburban areas (Long Island Sound Study 2004). The emphasis has been primarily on reducing
nitrogen discharges, but in recent years phosphorus limitations have been placed on upstream WWTPs
discharging to rivers that discharge into the Sound.

2.5 Climate Change Impacts

Climate change may also be a significant influence on the development of future eutrophic
symptoms. According to the report Effects of Nutrient Enrichment in the Nation’s Estuaries: A Decade of
Change, the factors associated with climate change that are expected to have the greatest impacts on
coastal eutrophication are:

e Increased temperatures
e Sealevelrise
e Changes in precipitation and freshwater runoff

Increased temperatures will have several effects on coastal eutrophication. Most coastal species
are adapted to a specific range of temperatures. Increases in water temperatures may lead to expanded
ranges of undesirable species. Higher temperatures may also lead to increased algal growth and longer
growing seasons, potentially increasing problems associated with excessive algal growth and
nuisance/toxic blooms. Additionally, warmer waters hold less DO, therefore potentially exacerbating
hypoxia. Temperature-related stratification of the water column may also worsen, having a further
negative effect on DO levels.

Climate change models predict increased melting of polar icecaps and changes in precipitation
patterns, leading to sea level rise and changes in water balance and circulation patterns in coastal
systems. Sea level rise will gradually inundate coastal lands, causing increased erosion and sediment
delivery to water bodies, and potentially flooding wetlands. The increased sediment load and
subsequent turbidity increase may cause SAV loss. As erosion increases, sediment-associated nutrients
also increase, stimulating algal growth. This positive feedback between increased erosion and algal
growth may also increase turbidity. The loss of wetlands, which act as nutrient sinks, will further
increase nutrient delivery to estuaries. In contrast, an increase in freshwater inflow may reduce
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residence time of pollutants, reducing the probability of blooms in some systems. In regions of
engineered water flow (e.g., South Atlantic and Gulf of Mexico), the impacts of changes in the amount of
runoff will depend on how water management strategies control regional hydrology.

Another report titled Aquatic Ecosystems and Global Climate Change — Potential Impacts on
Inland Freshwater and Coastal Wetland Ecosystems in the United States notes that climate change of the
magnitude projected for the United States over the next 100 years will cause significant changes to
temperature regimes and precipitation patterns across the nation (Poff et al. 2002). Such alterations in
climate pose serious risks for inland freshwater ecosystems (lakes, streams, rivers, wetlands) and coastal
wetlands, and may adversely affect numerous critical services provided to human populations.

2.6 Federal and State Regulations and Initiatives to Reduce Nutrient Pollution

This section describes the following Federal and state regulations and initiatives to reduce
nutrient pollution:

e  Water Quality Standards (WQSs)

Total Maximum Daily Loads (TMDLs)

National Pollution Discharge Elimination System (NPDES) Permitting
Water quality trading

Technology evaluations and guidance

In addition to these efforts, state and EPA surface water and drinking water program managers formed
an ad hoc Nutrient Innovations Task Group in October 2008 to “identify and frame key nutrient issues,
guestions, and options on how to improve and accelerate nutrient pollution prevention and reduction
at the state and national level” (State-EPA Nutrient Innovations Task Group, 2009). Their final report is
available online at http://www.epa.gov/waterscience/criteria/nutrient/ .

2.6.1 Water Quality Standards

Water quality standards (WQS) are the foundation of the water quality-based pollution control
program mandated by the CWA. WQS define the goals for a water body by designating its uses, setting
criteria to protect those uses, and establishing provisions to protect water bodies from pollutants. The
WQS regulation requires that states and authorized Indian tribes specify appropriate water uses to be
achieved and protected. Appropriate uses are identified by considering the use and value of the water
body for public water supply; for protection of fish, shellfish, and wildlife; and for recreational,
agricultural, industrial, and navigational purposes. In designating uses for a water body, states and tribes
examine the suitability of a water body for the uses based on the physical, chemical, and biological
characteristics of the water body; its geographical setting and scenic qualities; and economic
considerations.

States and tribes typically adopt both numeric and narrative criteria. Numeric criteria are
important where the cause of toxicity is known or for protection against pollutants with potential
human health effects. Narrative criteria are also important—narrative "free from" toxicity criteria
typically serve as the basis for limiting the toxicity of waste discharges to aquatic species. In addition to
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narrative and numeric (chemical-specific) criteria, states can and often adopt nutrient criteria, which are
defined as a means to protect against nutrient over-enrichment and eutrophication.

In 1998, EPA published a National Strategy for the Development of Regional Nutrient Criteria, a
roadmap for designing guidance for states to use in the development of numeric water quality criteria
for nutrients. These technical guidance documents describe the techniques used to develop nutrient
criteria for use in state and tribal water quality standards. They cover:

e Estuarine and Coastal Waters
e Lakes and Reservoirs

e Rivers and Streams

e Wetlands

In addition to technical guidance for developing nutrient criteria, EPA has published additional
technical documents and tools to aid states and tribes in assessing nutrients in their waters. These
include:

¢ Methods for Evaluating Wetland Conditions: A series of documents to help states and tribes
build their capacity to monitor and assess the biological and nutrient conditions of wetlands.
These modules are designed to help states and tribes establish biological and nutrient
assessment and monitoring programs for wetlands. These documents are available online at
http://www.epa.gov/waterscience/criteria/nutrient/guidance/wetlands/#modules

o N-STEPS: A database that provides technical assistance to state and regional scientists and
managers who are developing numeric nutrient criteria and provides information to the public
regarding nutrient pollution and EPA's activities. This database is available online at
http://www.epa.gov/waterscience/criteria/nutrient/n-steps.html

e Other Nutrient Databases: Databases developed by EPA that contain sample data from various
waters throughout the United States, available online at
http://www.epa.gov/waterscience/criteria/nutrient/database/index.html

Numeric nutrient water quality standards drive water quality assessments and watershed
protection management. They support improved development of nutrient Total Maximum Daily Loads
(TMDLs; described below). Perhaps most importantly, they create state- and community-developed
environmental baselines that allow states and EPA to manage more effectively, measure progress, and
support broader partnerships based on nutrient trading, BMPs, land stewardship, wetlands protection,
voluntary collaboration, and urban storm water runoff control strategies.

There are a number of key advantages to adopting numeric standards, including:

e Easier and faster development of TMDLs

e Quantitative targets to support trading programs

e Easier to write protective NPDES permits

e Increased effectiveness in evaluating success of nutrient runoff minimization programs

e Measurable, objective water quality baselines against which to measure environmental progress
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In December 2008, EPA published a report titled, State Adoption of Numeric Nutrient Standards
(1998-2008). The report, which can be found at
http://www.epa.gov/waterscience/criteria/nutrient/files/report1998-2008.pdf, provides an update of
state efforts to develop numeric nutrient standards.

Figure 2-2 depicts the relationships among WQS and the tools used to help meet these
standards such as TMDLs, NPDES permits, and water quality trading. These tools are discussed in more
detail below.
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Figure 2-2. Water quality-based approach of the Clean Water Act
Source: USEPA 2008f.

2.6.2 Total Maximum Daily Loads (TMDLs)

CWA Section 303(d) requires states to develop TMDLs for water bodies on the 303(d) list of
impaired waters (e.g., waters not meeting their designated uses). A TMDL is a calculation of the
maximum amount of a pollutant a water body can receive and still meet WQS. TMDLs serve as a tool for
implementing WQS. The TMDL targets or endpoints represent a number where the applicable WQS and
designated uses (e.g., public water supply, contact recreation, and the propagation and growth of
aquatic life) are achieved and maintained in the water body of concern. TMDLs identify the level of
pollutant control necessary to meet WQS and support the designated uses of a water body. Once a
TMDL is set, the total load is allocated among all existing sources. The allocation is divided into two
portions: (1) a load allocation (LA) representing natural and non-point sources and (2) a waste load
allocation (WLA) representing NPDES-permitted point source discharges. In many regions, water bodies
have a poor ability to assimilate nutrients or they are already impaired from past pollution and cannot
handle large loads of additional nutrients. In these cases, TMDLs may require nutrient permit levels to
be even lower than what might otherwise be allowed by nutrient criteria.

Although states are not required under section 303(d) to develop TMDL implementation plans,
many states include implementation plans with the TMDL or develop them as a separate document.
When developed, TMDL implementation plans may provide additional information on what point and
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nonpoint sources contribute to the impairment and how those sources are being controlled, or should
be controlled in the future. Once a TMDL has been defined and various load allocations established, the
CWA requires that all NPDES permits associated with the water body must reflect the loads established
in the TMDL. For WWTPs, this may include specific criteria for nutrients.

2.6.3 NPDES Permitting

Established by the CWA Amendment of 1972, EPA’s NPDES permit program has been the
primary mechanism for controlling pollution from point sources. Point sources are discrete conveyances
such as pipes or man-made ditches. Individual homes that are connected to a municipal system, use a
septic system, or do not have a surface discharge do not need an NPDES permit; however, POTWs and
other facilities must obtain permits if they discharge directly to surface waters.

NPDES permits for wastewater discharges contain, among other information, effluent limits for
“conventional” pollutants such as BOD, total suspended solids (TSS), and pH as well as limits for specific
toxicants including various organic and inorganic chemicals. Permits may also include effluent limits for
“non-conventional” pollutants such as nitrogen and phosphorus. Effluent limits can be technology-
based and/or water-quality based. EPA has established technology-based, secondary treatment effluent
limits for BOD as 5-day biochemical oxygen demand (BODs), TSS, and pH. Water-quality based effluent
limits are set if the technology-based limits are not sufficient to maintain the WQS of the receiving
water.

In December 2003, EPA published the Watershed-Based National Pollutant Discharge
Elimination System (NPDES) Permitting Implementation Guidance
(http://www.epa.gov/npdes/pubs/watershedpermitting finalguidance.pdf), which describes the
concept of and the process for watershed-based permitting under the NPDES permit program.
Watershed-based NPDES permitting is an approach to developing NPDES permits for multiple point
sources located within a defined geographic area (watershed boundaries) to meet WQS. This approach,
aimed at achieving new efficiencies and environmental results, provides a process for considering all
stressors within a hydrologically defined drainage basin or other geographic area, rather than addressing
individual pollutant sources on a discharge-by-discharge basis. This report was followed by technical
guidance issued in August 2007 titled, Watershed-based National Pollutant Discharge Elimination
System (NPDES) Permitting Technical Guidance, available online at
http://www.epa.gov/npdes/pubs/watershed techguidance entire.pdf

Federal and State regulations related to WQS and TMDLs as described previously are expected
to result in more stringent NPDES effluent limits for nitrogen and phosphorus.

2.6.4 Water Quality Trading

Water quality trading is a market-based approach to improve and preserve water quality once
WQS and/or TMDLs have been defined. Trading can provide greater efficiency in achieving water quality
goals by allowing one source to meet its regulatory obligations by using pollutant reductions created by
another source that has lower pollution control costs. For example, under a water quality trading
program, a POTW could comply with discharge requirements by paying distributed sources to reduce
their discharges by a certain amount. The use of geographically-based trading ratios provides an
economic incentive, encouraging action toward the most cost-effective and environmentally beneficial
projects.
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EPA issued a Water Quality Trading Policy in 2003 to provide guidance to states and tribes on
how trading can occur under the CWA and its implementing regulations
(http://www.epa.gov/owow/watershed/trading/finalpolicy2003.pdf). The policy discusses CWA
requirements that are relevant to water quality trading including: requirements to obtain permits; anti-
backsliding provisions; development of WQS, including an anti-degradation policy; NPDES permit
regulations, TMDLs; and water quality management plans. EPA also developed a number of tools and
guidance documents to assist states, permitted facilities, non-point sources, and stakeholders involved
in the development of trading programs (www.epa.gov/owow/watershed/trading.htm). Recently, the
U.S. Department of Agriculture (USDA) National Resources Conservation Service released a Nitrogen
Trading Tool (NTT) prototype for calculating nitrogen credits based on the Nitrogen Loss and
Environmental Assessment Package Model (Gross et al. 2008).

Water quality trading programs have been successfully implemented in several states and
individual watersheds across the county. For example, nitrogen pollution from point sources into the
Long Island Sound was reduced by nearly 25 percent using an innovative nitrogen credit trading
program. In Connecticut, the program was implemented across 79 sewage treatment plants in the
state. Through the Nitrogen Credit Exchange, established in 2002, the Connecticut program has a goal of
reducing nitrogen discharges by 58.5 percent by 2014.

A recent American Society of Civil Engineers journal article (Landers 2008) points out, however,
that regulatory frameworks for water quality trading programs have yet to be adopted by the majority
of states. Barriers to adopting such programs include uncertainty in: (1) the mechanisms for
determining appropriate credits and ratios between point sources and distributed sources; and (2)
approaches to ensure that promised reductions actually occur. Other barriers include lack of
resources/staff to organize such programs and lack of specific nutrient goals/TMDLs to drive markets.

2.6.5 Technology Evaluation and Guidance

In addition to regulatory and policy initiatives, EPA helps control nutrients through the
development and dissemination of technical information. For example, EPA’s Office of Wastewater
Management (OWM) has developed a number of technology fact sheets on secondary and advanced
biological treatment (USEPA, 1999b; 1999c). OWM has also published several technology reports,
including Emerging Technologies for Wastewater Treatment and In-Plant Wet Weather Management
(USEPA, 2008a). This technology guide, published in February 2008, is designed to help municipal
wastewater treatment system owners and operators find information on emerging wastewater
treatment and in-plant wet weather management. In September 2008, OWM published the Municipal
Nutrient Removal Technologies Reference Document (USEPA 2008d). Volume 1 of this report provides
detailed technical and cost information on biological and physiochemical treatment technologies for the
removal of nitrogen, phosphorus, or a combination of the two. The report also includes at least one
year’s worth of full-scale performance data for 27 wastewater treatment facilities in the United States
and Canada and 9 detailed case studies. EPA’s Region 10 initiated a project to evaluate municipal
WWTPs that have demonstrated exemplary phosphorus removal through their treatment processes. In
April 2007, the Region published a report titled, Advanced Wastewater Treatment to Achieve Low
Concentration of Phosphorus (EPA Region 10 2007).

In 1975, EPA’s Office of Research and Development (ORD) published its first technology design
guidance for nitrogen removal: Process Design Manual for Nitrogen Control. The manual was updated in
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1993 and focused on biological/mechanical processes that were finding widespread application for
nitrification and nitrogen removal at that time. The development of guidance for phosphorus removal
followed a similar schedule, with ORD publishing the document Process Design Manual for Phosphorus
Removal in 1971. In 1976, the manual was updated to include design guidance for phosphorus removal
using mineral addition and lime addition. In 1987, EPA published two technical documents to address
phosphorus control: (1) an update to the 1976 Process Design Manual for Phosphorus Removal and (2) a
handbook titled, Handbook — Retrofitting POTWs for Phosphorus Removal in the Chesapeake Bay
Drainage Basin. EPA has revised these materials to provide updated state-of-the technology design
guidance for both nitrogen and phosphorus control at municipal WWTPs as presented in this manual.

2.7 Industry Initiatives—The WERF Nutrient Removal Challenge

In early 2007, the Water Environment Research Foundation (WERF) created the Nutrient
Removal Challenge program with the goals of:

e Identifying, assessing, and making recommendations to improve sustainable wastewater
nutrient removal technologies.

e Providing information to help agencies meet various receiving water body requirements and
other wastewater treatment goals (e.g., climate change, sustainability, cost-effectiveness,
reliability).

e Conducting research to inform regulatory decision making and help practitioners comply
with increasingly high levels of nitrogen and phosphorus removal with a focus on improving
plant performance.

This multi-year program will be funded for 5 years with WERF and external funds anticipated to total $8-
10 million.

As part of the program's kick-off activities, the WERF Nutrient Research Stakeholder Workshop
was held on March 7 and 8, 2007 in Baltimore, MD, to further refine the Challenge's research needs and
to seek funding partners and collaborators. A total of 25 priority areas were identified, many of them
analogous to those identified in a similar workshop conducted by WERF in 2006. Generally, these
research areas fall into one of the following three categories:

e Characterization of effluent organic nitrogen
e Accuracy of analytical measurement techniques for low concentrations of phosphorus
e Alternative carbon sources for denitrification

WERF will also be developing a Nutrient Compendium, a comprehensive, living document that
will describe the current knowledge of regulatory and technological nutrient removal issues. The
document will detail the key knowledge areas affecting nutrient removal to very low limits and identify
knowledge gaps related to nutrient removal.

As of 2009, WERF has:
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e launched a new web portal (http://www.werf.org/nutrients ) with research information
and relevant links

e Developed technical documents for the Nutrient Compendium (preparation of additional
technical summaries is underway), including:

— Tertiary phosphorus removal

— Low phosphorus concentration measurement

— Effluent dissolved organic nitrogen

— External carbon augmentation and denitrification

e |nitiated collaborative research in three key areas

— Effluent organic nitrogen/ refractory dissolved organic nitrogen (RDON)

— Low phosphorus analysis and measurement at very low limits

— Alternative external carbon for denitrification to reduce cost and improve efficiency of
nitrogen removal

2.8 Benefits of Nutrient Removal
2.8.1 Improved Plant Performance

Biological nutrient removal at POTWs can lead to several operational improvements. In most
cases, the addition of an anaerobic zone for biological phosphorus removal will increase the sludge
density because of phosphorus accumulation, and reduce the growth of filamentous organisms because
of the absence of DO, thereby improving settleability. A pre-anoxic zone for denitrification can also
lead to a more stable, better settling activated sludge process as the anoxic-aerobic processes favor
good settling floc-forming bacteria over filamentous growth. Additional benefits of a pre-anoxic zone
include less aeration energy required in the aerobic zone as the nitrate produced can be used for BOD
removal, and less sludge production compared to post-anoxic treatment with supplemental carbon.
Anaerobic and anoxic zones also provide better control of foaming if backmixing is eliminated and the
recycle of NOx and DO to the zones is minimized. Further, good removal of nitrogen reduces concern
over denitrification and floating sludge in the secondary clarifiers, and provides the option of oversizing
the clarifiers to better handle wet weather flows.

The addition of an anaerobic or anoxic zone ahead of the aerobic zone can improve the rate of
oxygen transfer in the water. As an example, WEF and ASCE (2006) reported an almost doubling of the
oxygen transfer efficiency when the 23" Avenue Plant in Phoenix, AZ, added a pre-anoxic zone.

Nitrification in the aerobic zone can significantly reduce the alkalinity of the mixed liquor and, in
situations where the influent alkalinity is low (e.g., a municipality with soft water), can completely
deplete the alkalinity and cause a rapid drop in pH. The nitrification rate will slow significantly below a
pH of approximately 6.8. Tchobanolgous et al. (2003) report that nitrification rates at a pH of 6.0 may
only be about 20 percent of that with a pH of 7.0. Thus, plants with low alkalinity may experience
periods of reduced nitrification and elevated ammonia levels in the plant effluent. Denitrification for
total nitrogen removal can replenish much of the alkalinity lost during nitrification and improve
operational stability. Approximately 62.5 percent of the amount consumed during nitrate formation is
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recovered from the nitrates reduced to nitrogen gas. The total recovery is seldom more than 50 percent
for recycle configurations such as MLE with complete denitrification in the anoxic zone.

2.8.2 Co-Removal of Emerging Contaminants

The term “emerging contaminants” refers broadly to those synthetic or naturally occurring
chemicals, or to any microbiological organisms, that have not been commonly monitored in the
environment but are of increasing concern because of their known or suspected adverse ecological or
human health effects. Several studies have examined the effectiveness of current wastewater
treatment technologies in the removal of emerging contaminants. Significant findings are:

e Removal efficiencies were enhanced for several investigated contaminants at longer solids
residence times (SRTs), with critical SRTs for some contaminants beyond which removal rates
did not improve.

e Longer SRTs allow for the establishment of slower growing bacteria (e.g., nitrifying bacteria in
activated sludge), which in turn provide a more diverse community of microorganisms with
broader physiological capabilities, and the potential for greater biodegradation of emerging
contaminants.

e Reverse osmosis has been found to effectively remove pharmaceutical and personal care
products (PPCPs) below detection limits including those that were not consistently removed at
longer SRTs.

A more detailed discussion of removal of emerging contaminants can be found in EPA’s Nutrient
Control Design Manual — State of Technology Report (EPA/600/R-09/012, January 2009) at
http://www.epa.gov/nrmrl/pubs/600r09012/600r09012.pdf.

2.8.3 Nutrient Recovery and Reuse

Nutrient recovery and reuse is gaining national and international attention as a key aspect in
sludge management plans. Rather than being disposed as a “waste,” sludge is now being harvested for
valuable resources and used as an alternative source of energy. In February 2008, the Global Water
Research Coalition in cooperation with USEPA and WERF released a report titled State of the Science
Report: Energy and Resource Recovery from Sludge (Kalogo and Monteith 2008). In the report, energy
recovery technologies are classified into sludge-to-biogas, sludge-to-syngas, sludge-to-oil, and sludge-to-
liquid processes. The report also describes various technologies available for resource recovery,
including those to recover phosphorus, building materials, nitrogen, and volatile acids. Refer to Chapter
14 of this Manual for more information on resource recovery and sustainability.

29 Challenges of Nutrient Removal
Two potentially negative environmental impacts of employing advanced technologies to remove
nutrients from wastewater are the increase in the energy use and release of nitrous oxide (N,0), a

greenhouse gas, into the atmosphere.

2.9.1 Energy Requirements
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While some operational strategies for enhancing nutrient removal, such as cyclic aeration for
denitrification and the utilization of fixed media for integrated fixed-film activated sludge (IFAS)
operation in partially or fully nitrifying systems, do not require additional electricity to operate, many
BNR technologies require an input of energy beyond that needed for conventional municipal treatment.
This is obviously true if the system to be retrofitted was not designed to nitrify due to additional
aeration required. Other examples of retrofits that require additional energy include (Kang et al. 2009):

e Additional mixing basins

e Chemical addition

e Additional pumping for recycle flows
e Additional pumping for filtration

e Use of an external carbon source

It is not unusual for the additional energy requirements of upgrading to BNR to require an upgrade to
the entire power system, including physical space for motor control centers.

Nitrification requires 50 to 100 percent more aeration energy than non-nitrifying systems,
depending upon the operating SRT selected. The total BOD-NOD aeration costs, however, will be
reduced by about 20 percent by denitrification to 8-10 mg/L TN for typical municipal wastewaters. The
quantity of WAS produced will be greatly reduced which can substantially reduce the amount of energy
needed for dewatering and disposal. Thus, conversion of a non-nitrifying activated sludge system to
EBPR may not require much in the way of additional energy. Note, also, that addition of either an
anaerobic or anoxic zone (and particularly both) ahead of the aerobic zone reduces the aeration volume
needed for nitrification through removal from solution or through stabilization of BOD ahead of the
aerobic zone, which increases the effective nitrification rate in the aerobic zone.

Chapter 8 of this design manual provides additional discussion of energy and identifies
strategies that can be implemented by nutrient removal plants to reduce energy requirements and
improve sustainability. The remainder of this section identifies EPA tools and other general strategies
that can be used to reduce energy needs.

EPA encourages utilities to identify approaches to integrate energy-efficient practices into their
daily management and long-term planning. The 2008 publication, Ensuring a Sustainable Future, an
Energy Management Guidebook for Wastewater and Water Utilities (USEPA 2008i), provides a
recommended approach for energy management using the Plan-Do-Check-Act approach. This
guidebook is available online at
http://www.epa.gov/waterinfrastructure/bettermanagement _energy.html .

A September 2008 publication titled National Water Program Strategy — Response to Climate
Change (USEPA 20008b) outlines a number of steps that EPA has taken and that utilities can take to
improve energy efficiency. For example, EPA’s ENERGY STAR program has developed a “Focus” in the
water and wastewater industries. An ENERGY STAR Focus is a targeted effort to improve the energy
efficiency within a specific industry or combination of industries. It creates momentum for continuous
improvement in energy performance, provides the industry’s managers with the tools they need to
achieve greater success in their energy management programs, and creates a supportive environment
where energy efficiency ideas and opportunities are shared.

Nutrient Control Design Manual 2-16 August 2010



Significant progress is being made in the development of new tools for benchmarking energy
performance among public water and wastewater utilities. For example, the ENERGY STAR program is
expanding the capability of its Energy Performance Rating System to enable drinking water and
wastewater utilities to assess their energy use over time and compare it to other utilities—normalized
for weather and facility characteristics. As of October 2007, WWTP energy performance can be rated
using the ENERGY STAR program’s on-line tool, Portfolio Manager. Portfolio Manager can be used to
establish baseline energy use, prioritize investments, set goals, and track energy use and carbon
emissions reductions over time.

Many facilities have already installed alternative energy power production facilities, including
solar, wind, and hydro, for heating and electricity generation. For example, Calera Creek Water
Recycling Plant in Pacifica, CA is using solar panels that provide 10-15 percent of its energy needs,
resulting in an estimated $100,000 savings annually in energy costs (USEPA 2006).

Wastewater facilities can also generate energy from the capture and use of methane. Combined
heat and power (CHP) systems can recover biogas (a mixture of methane, carbon dioxide, water vapor,
and other gases) from anaerobic digesters to heat buildings or to generate electricity. For example, the
East Bay Municipal Utility District (EBMUD) captures and uses biogas to generate enough energy to
cover 90 percent of energy needed at its main wastewater facility. If all 544 large sewage treatment
plants in the United States operating anaerobic digesters were to install combined heat and power,
about 340 megawatts of clean energy could be generated, offsetting 2.3 million metric tons of carbon
dioxide emissions annually (i.e., equivalent to planting about 640,000 acres of forest, or the emissions of
about 430,000 cars) (USEPA 2007a). This energy is also marketable as “green power” to power utilities
that are now required by State laws to have alternative or “green” power as a part of their overall
production.

2.9.2 Release of Nitrous Oxide

Nitrous oxide (N,0) is considered to be a greenhouse gas with a global warming potential
approximately 300 times that of the contribution of carbon dioxide (CO,). N,0 as well as nitric oxide
(NO) are known to be intermediates of heterotrophic denitrification (Ahn et al. 2009). Until recently,
there has been considerable uncertainty regarding the mechanisms of N,O generation and whether it is
produced and released during the nitrification and denitrification processes.

In 2008, WERF initiated a research project (no. U4R0O7) to quantify N,O emissions, determine
the mechanisms by which it forms, and develop operational strategies to prevent its formation and
release. The first step of this project was to develop a detailed protocol for measuring N,O and NO
emissions from an activated sludge reactor. This method has now been reviewed by EPA and
implemented at several WWTPs (WERF 2009). Preliminary findings based on monitoring conducted at
nitrogen removal plants were presented at the WEF Specialty Conference: Nitrogen Removal 2009 and
are summarized below (Ahn et al 2009; WERF 2009).

e N,O emissions are related to an imbalance of the metabolic pathway or, in simpler terms,
recovery from stress. N,O can be produced by nitrifying bacteria in the aerobic and denitrifying
bacteria in the anoxic zone; however, denitrifying bacteria can consume N,O whereas nitrifying
bacteria cannot.
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e Measured N,O emissions from the aerobic zone were always higher than emissions from the
anoxic zone, contrary to previous thinking.

e N,O emissions from the aerobic zone exhibited spatial variability within the zone. The highest
N,O levels were observed close to the effluent.

e N,0 emissions form a significant diurnal pattern that can be correlated with diurnal loading
patterns of ammonia.

e Release of N,O in the aerobic zone is largely a function of DO and ammonia concentrations.

Sampling campaigns at additional treatment plants are underway. Researchers are planning to publish
an interim Phase 1 report on the findings by the end of 2009 (WERF 2009).
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3. Principles of Phosphorus Removal by Chemical Addition

Chapter 3 covers:

3.1 Introduction

3.2 Available Forms of Metal Salts and Lime
33 Equations and Stoichiometry

3.4 Solids Separation Processes

35 Effects on Sludge Production and Handling

3.6 Two Factors that May Limit the Ability of Plants to
Achieve Very Low Effluent Levels

3.7 References

3.1 Introduction

Chemical precipitation is widely used to remove phosphorus at wastewater treatment plants
(WWTPs). Chemicals such as metal salts or lime can be added to primary, secondary, or tertiary
processes or at multiple locations within the plant. Solids removal following chemical precipitation can
be conventional, such as primary or secondary clarification, or advanced, such as tertiary filtration or
alternative technologies. Chemical precipitation can be used alone or in conjunction with biological
phosphorus removal (BPR) to reduce the costs associated with the chemical dose and sludge production.

This chapter describes the principles of phosphorus removal by chemical addition. It includes a
description of chemicals available, the latest research on the mechanisms of phosphorus removal, and
factors affecting performance such as point of application and solids separation. Lastly, it presents
information on sludge production and limits of removal. Chapter 9 follows with more detailed
recommendations for designing a chemical phosphorus removal treatment system.

3.2 Available Forms of Metal Salts and Lime

Chemicals used for phosphorus precipitation are typically either metal salts or lime. The two
most common metal salts are aluminum sulfate (commonly known as alum) and ferric chloride. Sodium
aluminate can serve as a source of alum, although it can increase the pH substantially (WEF and ASCE
2009). Various forms of polyaluminum chloride (PAC) can also be used for chemical precipitation.
Ferrous sulfate and ferrous chloride, which are available as byproducts of steel-making operations
(pickle liquor), are also used. Lime is typically available in solid form as either quicklime (CaO) or
hydrated lime Ca(OH),. Table 3-1 summarizes the most common chemical precipitants used for
phosphorus removal. Chapter 9 provides additional information on chemical properties and guidance
for chemical selection.
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Table 3-1. Common Chemicals Used for Phosphorus Removal

Chemical Formula Description Typical Weight
Percent in Commercial
Solutions?
Aluminum Sulfate Al;(S0,)314(H,0) Crystallized, dry form or 48%
(Alum) liquid
Sodium Aluminate Na,Al,0, Powder or liquid form. 20%
Granular tihydrate is
common commercial form
Polyaluminum Al Clzn.m)(OH)m Range in the degree of 51%
Chloride (PAC) EX: Al5Cl15(OH) 54 basicity and aluminum
concentration
Ferric Chloride ' FeCls Orange-brown aqueous 37-47%
solution
Pickle liquor (Ferrous | Fe,SO, or Fe** Green aqueous solution Varies
sulfate or Ferrous
iron)
Lime CaO0, Ca(OH), Dry white powder or liquid NA

form as quicklime, CaO, or
hydrated lime, Ca(OH),

1. “Ferricis also common trade name for FeCl3 and also 40% FeCl; solution

2. Source: WEF and ASCE 2006 Tables 8.6 and 8.9

3.3 Equations and Stoichiometry

This section describes the forms of phosphorus that can be removed by chemical treatment. It
follows with a detailed discussion of the chemical reactions among metal salts, lime, and phosphorus

including factors affecting removal efficiency.

3.3.1 Removable Phosphorus

Chemical precipitation will remove only the phosphate (i.e., orthophosphate) fraction of total
phosphorus in wastewater. Influent phosphate is typically 50 to 80 percent of total phosphorus and
generally exists in one of two forms, H,PO* and HPO,*, with the first being dominant at pH below 8.3.
Polyphosphates will not react with metal salts or lime; however, they will be converted to phosphate
during biological treatment’. Organically bound phosphorus typically makes up the smallest fraction of
total influent phosphorus (1 < mg/L). The colloidal and particulate portion will generally be removed
during solids separation processes. The soluble organic fraction may either be hydrolyzed into
orthophosphate during the treatment process (if biodegradable) or will pass through a WWTP (if non-

biodegradable).

See Chapter 2, Section 2.2.2 for additional information on the forms of phosphorus in influent
wastewater. See Section 3.8 for a discussion on the implications of recalcitrant phosphorus on achieving
low effluent total phosphorus (TP) concentrations.

! Colorimetric techniques used to quantify phosphate concentrations give results for “reactive” phosphorus, which
is primarily orthophosphate but includes a small condensed phosphate fraction.
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3.3.2 Reactions of Metal Salts and Phosphorus

The metal salt dose for chemical phosphorus removal has been recognized as a critical design
and economic parameter for chemical treatment systems. In addition to dose, the wastewater
characteristics, method of chemical addition, chemical addition feeding point(s), reaction pH,
flocculation method, and time after chemical addition are important design and performance issues that
can affect the relationship between dose and phosphorus removal efficiency.

The metal salt dose is commonly described in terms of the moles of metal added (Meyqse) per
mole of soluble phosphorus in the influent (P;,). The term “stoichiometric dose” is based on 1.0 Me
added per Mole of P removed (i.e., 1.0 Meyose/Pini) Wwhich would be the molar ratio requirement for
strictly a chemical reaction between aluminum or iron salts to form a M-PO, precipitate as shown in
Equations 3-1 and 3-2 (WEF and ASCE 2009, charges omitted).

Al,(SO4);:14H,0+ 2H;(PO,;) — 2AI(PO,) + 3H,S0, + 18H,0 Eq. 3-1
FeCls:(6H,0) + H,PO,4 + 2HCO; — FePos+ 3Cl +2C0O,+ 8 H,0 Eq. 3-2

At relatively high effluent P concentrations (above 1.0 mg/L), the stoichiometric relationship for
metal salt dose is commonly observed. The molar ratio typically increases well above the stoichiometric
ratio as lower effluent phosphorus concentrations are needed. This has commonly been attributed to
substantial metal hydroxide formation in addition to metal-phosphorus precipitates (Sedlak, 1991).

Research by Szabé et al. (2008) and Smith et al. (2008) defined a mechanism for phosphorus
removal by ferric chloride based on a surface complexation model. Conceptually, the addition of ferric
chloride results in the precipitation of hydrous ferric oxide (HFO), which provides surface sites for
reaction with phosphorus. The basis of the phosphorus removal mechanism is that phosphate and iron
can share an oxygen molecule and that interactions can be represented by the following symbolic
reaction (charges omitted) (Smith et al. 2008):

FeOOH + HOPO3; = FeOOPO; + H,0 Eqg. 3-3

The reactive oxygens are termed “surface sites,” and their availability is related to mixing and aging
conditions. Under rapid mixing, surface sites are readily available. With slow mixing, however, much of
the HFO would form in the absence of phosphorus and result in less efficient phosphorus removal.

As the HFO forms, phosphate is simultaneously removed through (1) co-precipitation of
phosphate into the HFO structure, and (2) adsorption of the phosphate onto pre-formed HFO particles
(Smith et al. 2008). After the initial HFO formation and phosphorus removal, additional phosphorus can
be removed over time by diffusion of phosphorus into the floc. The effect of aging is to reduce reactive
sites and HFO phosphorus removal capacity. Additional research is needed to confirm a similar removal
mechanism for aluminum.

Chemical Dose and Phosphorus Removal Efficiency
In all observations on chemical removal of phosphorus, the percent phosphorus removal

increases and effluent phosphorus concentration decreases as the molar chemical dose for metal salts
increases, but the incremental removal diminishes with increased dosages (Sedlak 1991, Szabo et al.
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2008, WEF and ASCE 2009). Smith et al. (2007) found that for typical influent phosphorus
concentrations, ferric doses above 1.5 to 2.0 Meys./Pini ratios are sufficient to remove 80 to 98 percent
of soluble phosphorus. Reaching very low effluent TP concentrations, i.e. below 0.10 mg/L, requires
significantly higher ratios of about 6 or 7 Megyose/Pini - A similar dose was reported for 75 to 95 percent
phosphorus removal from wastewater using alum (WEF and ASCE 2009). For similar phosphorus removal
efficiencies using pre-polymerized salts such as PACI or sodium aluminate, a higher dose is needed.
Factors that influence dose and removal efficiency may include pH, alkalinity, competing substances in
the wastewater, initial mixing conditions and flocculation.

Mixing at the Dosage Point

Mixing at the dosage point is necessary to ensure that the metal and phosphate molecules
react. Mixing intensity can be represented by the velocity gradient, G, in units of seconds™. Smith et al.
(2007) reported that the reactions of phosphates at the surface of the hydrous ferric oxides depend
highly on the mixing conditions. Rapid mixing means that the surface sites are available, whereas with
slower mixing, many of the metal oxides would form in the absence of phosphate and render internal
oxygen atoms unavailable for binding.

Bench-scale kinetic experiments by Szabo et al. (2008) revealed that a majority of phosphate will
react with iron in the first 10 to 20 seconds under ideal mixing conditions (G = 425 second™). At
wastewater plants, mixing at the dosage point is typically poor, with G values ranging from 20 to 100
second™ (Szabd et al. 2008). Szabd et al. recommend that plants attempt to achieve a very high mixing
intensity at the dosage point (G values between 200 and 300 second™). Mixing times at high energy are
generally in the range of 10 to 30 seconds.

After the initial rapid kinetics, phosphorus removal can continue with slow reaction kinetics
between the phosphate and iron over many hours and even days (Szabo et al. 2008). The slow reaction
rate removal is more important for alum or ferric addition to activated sludge basins with solids
retention times in days.

Flocculation

After rapid mixing at the dosage point, gentle mixing is needed to form flocs that can be settled
or removed through a solids separation process. This is critical for meeting low effluent phosphorus
requirements. Often, movement of the wastewater through the treatment plant is sufficient for floc
formation (USEPA 2008b). Flocculation can be limited by insufficient time or conditions that disrupt floc
formation such as pumping and aeration.

pH and Alkalinity

The highest removal efficiency for chemical precipitation is within a pH range of 5.5 to 7.0
(Szabd et al. 2008). Between pH 7 and 10, phosphorus removal efficiency declines because the surfaces
of metal hydroxides are more negatively charged, and soluble iron hydroxides begin to form. At low pH
values, the solubility of the precipitant is reduced, and at extremely low pH values, metal hydroxide
precipitation is limited. Szabo et al. (2008) reported similar relationships between phosphorus removal
efficiency and pH for both alum and ferric chloride.

Nutrient Control Design Manual 3-4 August 2010



COD and TSS in Raw Wastewater

The efficiency of metal salt addition in the primary treatment step can be affected by the
wastewater characteristics. Based on the results of jar tests using municipal wastewater, Szabo et al.
(2008) observed a relationship between organic content and efficiency of phosphorus removal using
metal salts. Between chemical oxygen demand (COD) values of 300 to 700 mg/L, the phosphate
removal efficiency decreased with increasing COD. Similar results were observed for total suspended
solids (TSS), with lower phosphorus removal efficiency at higher TSS concentrations. In addition to
reduced efficiency during primary treatment, organic content can reduce the efficiency of metal salt
removal of phosphorus in activated sludge reactors. Iron and aluminum ions can react with humic and
fulvic acid substances to form insoluble complexes with the metal ions and their mineral oxides, thereby
blocking the reactive sites for phosphate precipitation (WERF 2009).

3.3.3 Reactions of Lime with Phosphorus

When lime is added to wastewater, it first reacts with the bicarbonate alkalinity to form calcium
carbonate (CaCOs). As the pH increases to more than 10, excess calcium ions will react with phosphate
to precipitate hydroxylapatite [Cas(OH)(PO,)3] as shown in the reaction below.

5Ca” + 40H + 3HPO,. > CasOH(PO,); + 3H,0 Eq. 3-4

Because it reacts first with alkalinity, the lime dose is essentially independent of the influent phosphorus
concentration. Tchobanoglous et al. (2003) estimates the lime dose to typically be 1.4 to 1.6 times the
total alkalinity expressed as CaCOs.

Lime addition can raise the pH to greater than 11. Because activated sludge processes require
pH levels below 9, lime cannot be added directly to biological treatment processes.

34 Solids Separation Processes

Solids separation methods are critical for determining phosphorus removal efficiency with
chemical precipitation as a large portion of the effluent phosphorus is contained in chemical
precipitates. Solids separation technologies, such as clarification and filtration are often used in
combination to achieve low effluent TP levels. Polymers can be used in addition to the metal salts for
phosphorus precipitation to enhance removal for fine particles and colloids.

Gravity separation in primary or secondary clarifiers is a traditional solids separation method at
WWTPs. Clarifiers used in chemical precipitation systems differ very little from those employed in
conventional treatment, although use of flocculation zones is recommended to provide flocculation time
after chemical addition.

For secondary clarification, flocculation can occur in aeration basins or channels preceding
clarification. The use of flocculation zones in secondary clarifiers is a recommended practice to allow
flexibility in the point of chemical addition and to provide a zone in which direct control can be exercised
over velocity gradients to achieve optimum flocculation.
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Membrane bioreactors for activated sludge wastewater treatment provide maximum solids
separation with effluent turbidity values typically less than 0.30 NTU and non-detect effluent TSS
concentrations.

Tertiary filtration following secondary clarification is increasingly being used as a polishing step,
with chemical to reduce TSS and to achieve effluent TP concentrations below 0.50 mg/L. The types of
filters available include traditional media filters, upflow continuous backwash filters, cloth filters, and
membranes. Several patented ballasted high-rate clarifiers (BHRC) using different types of ballast such
as recycled sludge, microsand, and magnetic ballast (USEPA 2008b) have been developed in recent
years. Examples include DensaDeg®, Actiflo®, and the CoMag™ process. Chapter 6 of this design
manual provides an overview of the different tertiary filter technologies and Chapter 11 provides
recommendations for design.

3.5 Effects on Sludge Production and Handling

Sludge production and handling is generally considered to be one of the downsides of chemical
phosphorus removal. Chemical precipitation methods always produce additional solids due to
generation of metal- or calcium- phosphate precipitates and metal hydroxide sludge. The amount of
increased sludge production will depend on the location of chemical addition, the chemical dose used,
and the constituents present in the wastewater.

The stoichiometric relationships shown below can provide a good first estimate of additional
solids production from chemical precipitation (WEF and ASCE 2009). For alum addition the removal of P
with Al can be represented by Alg s(H,P0,4)(OH)1 4 and the remaining aluminum added will be described
by aluminum hydroxide production in accordance with Eq. 3-5. For ferric removal with iron the sludge
production from P removal can be estimated as Fe; ¢(H,P0,4)(OH);z s and the remaining ferric added will
be described by ferric hydroxide production in Eq. 3-6.

APP" +3H,0 <> Al(OH); + 3H" Eq. 3-5
Fe** + 3H,0 <> Fe(OH); + 3H" Eq. 3-6

Typically, the addition of metal salts to the primary clarifier for the purposes of complete phosphorus
removal will increase primary treatment sludge production by 50 to 100 percent due to phosphorus and
hydroxide precipitates and increased suspended solids removal. In this case the secondary sludge
production is lower due to removal of additional TSS and BOD in the primary clarifier. The total overall
plant sludge production can be expected to increase by 60 to 70 percent (WEF and ASCE 2009). For
metal addition to the secondary treatment process to achieve effluent P concentrations in the range of
0.50 to 1.0 mg/L with the stoichiometric metal salt dose in the range of 2.0, the sludge production may
increase by 35 to 45 percent and the overall plant sludge production may increase by 5 to 25 percent
(WEF and ASCE 2009). For tertiary applications to achieve effluent P concentrations of less than 0.10
mg/L, the chemical stoichiometric dose can be 2 to 3 times that indicated in the previous sentence for
secondary treatment, but the amount of P to be removed is much less, so that the effect on sludge
production can be estimated to be increased by 45 to 60 percent for secondary/tertiary treatment and
by 10 to 40 percent for the overall plant sludge production. See Chapter 9, Section 9.8.3, for an example
calculation of sludge production increase resulting from the addition of metal salts.
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Lime typically produces a much higher sludge volume compared to metal salts because of its
reaction with natural alkalinity. The following reactions are important for determining the sludge
produced from lime addition (Tchobanoglous et al. 2003):

10Ca”*" + 6PO,> + 20H <= Cay1o(PO4)¢(OH), Eq. 3-7
Mg + 20H <>Mg(OH), Eq. 3-8
Ca®" + COs* <> CaC0; Eq. 3-9

An advantage of lime sludge is that some stabilization can occur due to the high pH levels required. One
disadvantage is that lime can cause scaling in mechanical thickening and dewatering systems. Although
alum tends to produce less sludge than ferric salts, alum sludge can be more difficult to concentrate and
dewater compared to ferric sludge.

The use of metal salts can result in increased inorganic salts (salinity) in the sludge and in the
effluent. Salinity can create problems when biosolids are land applied or when the effluent is returned
to existing water supply reservoirs. Biological phosphorus removal was developed in South Africa due to
the high rate of indirect recycling of wastewater effluent, which led to excessive total dissolved solids
(TDS) in the water supply during dry periods. High total salts can reduce germination rates for crops
and negatively affect the soil structure, in addition to potential taste and odor problems.

3.6 Two Factors that May Limit the Ability of Plants to Achieve Very Low Effluent Levels

Two factors may limit the ability of plants to achieve very low levels: the presence of
recalcitrant phosphorus and challenges in measuring very low effluent concentrations.

A portion of total phosphorus in wastewater can be recalcitrant, meaning that it passes through
the chemical, biological, and physical treatment processes and into the effluent unchanged. Lancaster
and Madden (2008) reported atypical recalcitrant phosphorus spikes as high as 0.5 mg/L in municipal
wastewater, which were suspected to originate from an industrial source. The authors speculated that
the recalcitrant fraction was made up of either dissolved acid-hydrolyzable phosphorus, organic
phosphorus, or a combination of the two. Neethling et al. (2007) postulated that recalcitrant
phosphorus is mostly the dissolved organic variety.

Studies conducted in Washington State and Nevada revealed significant variability in measured
phosphorus concentrations less than 0.020 mg/L. The City of Las Vegas Pilot Study found that the
accuracy of the measurement depended on several factors including the sample matrix and digestion
procedure (Eleuterio and Neethling 2009). In 2007, WERF initiated a project to evaluate the capabilities
of commercial laboratories to accurately measure phosphorus concentrations less than 0.020 mg/L and
determine factors that affect method accuracy. Key findings, which were presented at the WEF 2009
specialty conference on nutrient removal, are as follows:

e Total phosphorus measurements exhibited a wide variability. This range was attributed to
sample digestion procedures.
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e Orthophosphate measurements were accurate for de-ionized water, but not for wastewater
effluent samples. Variability in results was attributed to sample matrix and digestion
procedures.

e The Ascorbic Acid method (either the USEPA or Standard Methods procedure) was the most
often used and was found to be a reliable technique for measuring orthophosphate at low
concentrations.

Eleuterio and Neethling (2009) concluded that additional research is needed to identify the compounds
interfering with the method and develop techniques to correct these interferences.
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4. Principles of Biological Nitrogen Removal

Chapter 4 covers:

4.1 Introduction
4.2 Nitrogen Removal by Biomass Synthesis

Nitrification

4.3 Microbiology of Nitrification

4.4 Reactions and Stoichiometry of Nitrification

4.5 Nitrification Kinetics

4.6 Inhibitory Effects of Environmental Conditions on Nitrification

Denitrification

4.7 Denitrification Fundamentals

4.8 Microbiology of Denitrification

4.9 Metabolism and Stoichiometry of Heterotrophic Denitrification
4.10 Biological Denitrification Kinetics with Influent Wastewater
4.11 Denitrification Carbon Sources and Relative Consumption Rates
4.12 Denitrification Kinetics of Exogenous Carbon Sources

4.13 Specific Denitrification Rates

Additional Topics

4.14 Simultaneous Nitrification-Denitrification

4.15 Metabolism, Stoichiometry, and Kinetics of ANAMMOX®
4.16 Impacts on Sludge Production and Handling

4.17 Effluent Dissolved Organic Nitrogen

4.18 References

4.1 Introduction

Biological nitrogen removal in wastewater treatment occurs by two primary mechanisms: 1)
biomass synthesis (nitrogen assimilation) and sludge wasting, and 2) biological nitrification and
denitrification, with only the latter able to achieve high levels of nitrogen removal and low effluent
concentrations of inorganic nitrogen in biological nutrient removal processes treating domestic
wastewaters. Nitrification is a two-step process in which one genus of aerobic bacteria oxidize
ammonia-nitrogen (NHs-N) to nitrite-nitrogen (NO,-N) followed by another genus which oxidizes nitrite-
nitrogen to nitrate-nitrogen (NOs-N). Under certain conditions, e.g. inadequate dissolved oxygen, the
process can be stopped at NO,-N formation. In biological denitrification, a carbon source is oxidized
using nitrate and/or nitrite as electron acceptors in biological oxidation-reduction reactions to reduce
the oxidized nitrogen (NOs-N or NO,-N) to inert nitrogen gas (N,). An anaerobic process that does not
require a carbon source for NO,-N reduction is the ANAMMOX® (anaerobic ammonia oxidation)
process in which certain bacteria are capable of oxidizing ammonia with nitrite reduction to produce N,
(Sliekers et al. 2002).
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This chapter provides an overview of the principles behind biological nitrogen removal including
autotrophic and heterotrophic microorganisms responsible for nitrification and denitrification, reactions
and stoichiometry, kinetics, effects of environmental factors, and fixed film process considerations, as
well as simple design calculations.

4.2 Nitrogen Removal by Biomass Synthesis

Biochemical oxygen demand (BOD) removal in biological wastewater treatment processes
occurs with bacterial cell growth. A commonly used formulation for biomass (Hoover and Porges 1952)
is CsH;0,N, which suggests that nitrogen accounts for 12 percent of the biomass volatile suspended
solids (VSS). For domestic wastewater treatment, 15 to 30 percent of influent nitrogen can be removed
via biomass synthesis and sludge wasting. If the waste sludge is processed by anaerobic digestion, about
one half of the nitrogen removed can be released as ammonia in the digester and returned to the
biological treatment process in dewatering recycle streams, such that only 10 to 15 percent net removal
by synthesis occurs. Centrate or filtrate from digester solids dewatering can contain NH;-N
concentrations ranging from 500 to 1200 milligrams per liter (mg/L), depending on the level of solids
thickening prior to anaerobic digestion and the digester operation.

The nitrogen removal efficiency by biomass synthesis depends on the biological process influent
BOD to total nitrogen (TN) ratio and the biomass solids retention time (SRT) in the system. With
increasing SRT, a greater fraction of the biomass undergoes endogenous decay, releasing NH;-N and
decreasing the net nitrogen removal due to both synthesis and decay. Not all of the nitrogen is released
with cell loss, as some of it remains unavailable in cell debris following cell death. The effect of SRT and
influent BOD/TN ratio on the percent nitrogen removal due to biomass synthesis and decay is illustrated
in Figure 4-1. At lower SRTs and higher influent BOD/N ratios, the removal due to biosynthesis and
sludge wasting is higher. Assumptions used were a biomass synthesis yield value of 0.50 g VSS/g BOD
removed and an endogenous decay rate of 0.08 gVSS/gVSS per day (Tchobanoglous et al. 2003). The
fraction of biomass debris remaining from endogenous decay was assumed to be 0.08 gVSS/gVSS
(Barker and Dold 1997).
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Figure 4-1. Percent nitrogen removal due to biomass synthesis as a function of SRT and influent BOD/N ratio.

4.3 Microbiology of Nitrification

Ammonia- and nitrite-oxidizing bacteria are referred to as autotrophic bacteria because they use
carbon dioxide (CO,) for their carbon source. More specifically, they are aerobic chemoautotrophic
bacteria because, in addition to using CO,, they require dissolved oxygen to oxidize an inorganic
compound (NHs-N or NO,-N) to obtain cell energy. A key functional enzyme possessed by all these
bacteria is ammonia monooxygenase (AMO). This enzyme oxidizes ammonia to hydroxylamine, which is
subsequently converted to nitrite by hydroxylamine oxidoreductase. The ammonia-oxidizing bacteria
(AOB) are designated as Nitroso organisms and include the genera Nitrosomonas, Nitrosospira, and
Nitrosococcus. The nitrite-oxidizing bacteria (NOB) are designated as Nitro-organisms and include the
genera Nitrobacter, Nitrospira, Nitrococcus, and Nitrospina (Rowan et al. 2003).

Differences in 16S ribosomal RNA (rRNA) sequences for AOB and NOB genera results in distinct
differences in phylogenics (Rowan et al. 2003). The phylogenetic distribution of AOB is summarized in
Table 4-1. The genera Nitrosomonas and Nitrosospira are soil and freshwater AOB that are in the class
B-Proteobacteria. Five lineages of Nitrosomonas AOB have been determined by Koops and
Pommerening-Roser (2001) and are N. europaea/eutropha, N. communis, N. oligotropha, N. marina, and
N. cryotolerans. Nitrosococcus AOB are located in the a-Proteobacteri and consist of only marine AOB
species with strains Nitrosococcus oceani and Nitrosococcus halophilus. Nitrosococcus mobilis was
previously misnamed and now belongs to the 8-Proteobacteri genus Nitrosomonas and not the genus
Nitrosococcus in the a-Proteobacteria.
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Table 4-1. Phylogeny of Ammonia-Oxidizing Bacteria

nitrosospira

Nitrosovibrio tenuis

Nitrosospira sp. |

No salt requirement

NH;
Subclass of Salt affinity Preferred
Proteobacteria | Sub Clusters Species Requirement | K, pM Habitat
Nitrosomonas
europea
cUropaea- Nitrosomonas Halotolerant, WWTP, eutrophic
p. ) eutropha moderately 30-61 freshwater, brackish
mobilis - .
Nitrosomonas halophilic water
halophilar
Nitrosococcus mobilis
Nitrosomonas
communis
- No salt requirement 14-43 Soils (not acid)
, Nitrosomonas sp. |
communis -
Nitrosomonas sp. Il
. . No salt requirement 19-46 Eutrophic
8- Nitrosomonas nitrosa freshwater
Proteobacteria Nitrosomonas ureae 1.9-4.2 Oligotrophic
oligotrophia Nitrosomonas No salt requirement freshwater,
oligotropha natural soils
Nitrosomonas marina
N/'trosomonas sp-ll Obligately halophilic 50-52
. Nitrosomonas . .
marina . Marine environment
aestuarii
Nitrosomonas Obligately halophilic 42-59
cryotolerans
Ni I
ltro'so ob.us Soils (not acid)
multiformis

Soils, rocks, and
freshwater

a-Proteobacteria

Nitrosococcus oceani

Obligately halophilic

Marine environment

Source: Modified from Koops and Pommerening (2001).

The four NOB genera show more diverse phylogenetics with Nitrobacter within a-Proteobacteri,
Nitrococcus within y-Proteobacteria, Nitrospina within the 6-Proteobacteria, and the two species of the
genus Nitrospira, Nitrospira moscoviensis and Nitrospira marina within a separate phylum close to the §
subclass of the Proteobacteria (Siripong and Rittmann 2007). These are summarized in Table 4-2 (Koops
and Pommerening-Roser 2001). While Nitrobacter generally occur as free cells, Nitrospira are more
commonly observed attached to flocs or biofilms in their natural environments.
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Table 4-2. Phylogeny of Nitrite-Oxidizing Bacteria

Subclass of Ecophysiological Preferred
Proteobacteria Species parameters Habitat
Nitrobacter alkalicus Alkali and halotolerant Soda lakes
. Nitrobacter winogradskyi
a-Proteobacteria - - . .
Nitrobacter vulgaris No salt requirement Freshwater, soils, rocks
Nitrobacter hamburgenis
y-Proteobacteria Nitrococcus mobilis Obligately halophilic . .
- - p v - - Marine environments
b-Proteobacteria Nitrospina gracilis Obligately halophilic
Nitrospira moscoviensis No salt requirement Freshwater
Nitrospira marina Obligately halophilic Marine environment

Source: Modified from Koops and Pommerening (2001).

Using molecular biology tools, researchers have identified diverse populations of AOB and NOB
in activated sludge and fixed film nitrification systems. Siripong and Rittmann (2007) examined the
diversity of nitrifying bacteria communities in the seven activated sludge facilities operated by the
Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) with varying SRT, temperature,
and influent characteristics. They found the coexistence of AOB Nitrosomonas and Nitrosospira genera
in all facilities and the coexistence of NOB Nitrobacter and Nitrospira genera. Colder temperatures
appeared to increase proportions of Nitrosospira and Nitrospira. Park et al. (2002) found that the AOB
community in an aerated-anoxic process was very diverse, with both Nitrosomonas and Nitrosospira
present. Others have shown that Nitrosomonas is very common in activated sludge treatment and
Nitrospira is the most common NOB (Aoi et al. 2000; Coskuner and Curtis 2002; and Harms et al. 2003; Li
et al. 2005).

In a laboratory fixed film fluidized bed reactor, Schramm et al. (1999) found a dominance of
Nitrosospira for AOB and Nitrospira for NOB. In contrast, Rowan et al. (2003) found a dominance of
Nitrosomonas for AOB in a biological aerated filter and trickling filter receiving combined domestic and
industrial wastewater.

Though their role in wastewater treatment has not been determined, it is notable that the
diversity of ammonia oxidation via AMO extends to the domain Archaea with ammonia oxidation found
in members to the kingdom Crenarchaeota. Originally thought to be a marine organism with their
discovery by Fuhrman et al. (1992), they have also been found in a wide range of soils, in sediments, and
in freshwater (Nicol and Schleper 2006). Furthermore, Leininger et al. (2006) found that they were
more abundant than autotrophic bacteria for ammonia oxidation in soils. A marine Crenarchaeota
isolated by Konneke et al. (2005) was able to grow as a chemoautotroph at rates comparable to AOB,
and it also had a much higher affinity for ammonia (0.03 to 1.0 uM). However, the presence of organic
substrate appeared to inhibit its growth.

4.4 Reactions and Stoichiometry of Nitrification

The energy yielding ammonia oxidation reaction by AOB is as follows:

NH; +1.50, —NO, +2H" +H,0 Eq. 4-1
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In Equation 4-1, 1.5 moles of oxygen are required to oxidize 1 mole of ammonia and 2 moles of
hydrogen are produced. Thus, the oxygen requirement to produce nitrite is 3.43 g O,/g NH,-N oxidized
to NO,-N. The energy producing reaction by NOB is as follows and shows the need for 1.14 g O,/g NO,-
N oxidized to NOs-N:

NO, +0.50, —NO, Eq. 4-2

The overall reaction for the two-step oxidation process can be written as follows and accounts
for alkalinity consumption by the hydrogen produced:

NH +20, +2HCO;, —NO; +2C0, +3H,0 Eq. 4-3

Based on the above stoichiometry, ammonia oxidation to nitrate requires 4.57 g O,/g NH,;-N
oxidized to NOs-N and consumes 7.14 g alkalinity (as CaCOs) per g NH4-N oxidized (Tchobanoglous et al.,
2003).

The oxygen required and alkalinity consumption per g NH,-N removed calculated from Equation
4-3 will be less in reactors because some of the NH;-N removed is consumed for biomass synthesis by
the nitrifying bacteria. Werzernak and Gannon (1967) found that the oxygen consumption normalized
to nitrogen removal was 4.33 g O,/g NH;-N oxidized to NO5-N with 3.22 g O, used for NH,-N oxidation to
NO,-N and 1.11 g O, for oxidation of NO,-N to NOs-N. This fits reasonably close to the stoichiometry
presented by Haug and McCarty (1972) in which biomass yields of 0.15 g VSS/g NH,;-N and 0.02 g VSS/g
NO,-N removed were determined. Their balances are as follows:

Ammonia consumption:

55NH, + 760, + 109HCO ; —
C.H,NO, +54NO , + 104H,CO, + 57H,0

Eq. 4-4

Nitrite consumption:
Eqg. 4-5
400NO , + NH4+ +1950, +HCO, +4H,CO; —

C.H,NO, +400NO ; + 3H,0

When accounting for synthesis per the above reactions, the calculated oxygen and alkalinity
consumptions for NH;-N removal are lower by about 5 percent and 1 percent, respectively. At longer
SRTs with decay of nitrifiers, ammonia will be released and the difference is less. By ignoring synthesis
and using the oxidation only values of 4.57 g 0,/g NH,-N oxidized to NOs-N and 7.14 g alkalinity (as
CaCO0;) per g NH,~N oxidized, the results are slightly conservative but practical for design estimates.

4.5 Nitrification Kinetics
Where ammonia removal is needed, nitrification kinetics will govern the activated sludge

aerobic zone design as the nitrifying bacteria have slower growth rates then the BOD-consuming
heterotrophic bacteria and thus require a longer SRT. Bacterial growth rate models (Monod model) or
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substrate utilization models are commonly used to describe nitrification kinetics. The models are used
to fit data from steady state or non-steady state nitrification systems to obtain appropriate coefficients.
Because it has a significant effect on AOB and NOB growth rates, substrate utilization rates, and
endogenous decay rates, temperature is accounted for in nitrification kinetic models. The models will be
reviewed first before presenting kinetic coefficient information.

The Monod model is used to describe the specific growth rate of nitrifying bacteria as a function
of the concentration of the nitrogen species being oxidized, DO concentration, and endogenous decay
rate as shown in Equations 4.6 and 4.7 below for AOB and NOB, respectively. For completely mixed
activated sludge systems at temperatures below 25°C, the process is sufficiently modeled by considering
only the AOB, as the NOB are able to use nitrite much faster. However, at higher temperatures, the
kinetics of both groups must be considered as the effect of higher temperature favors AOB more than
NOB. This is an underlying basis for the Single Reactor High Activity Ammonia Removal Over Nitrite
(SHARON®) process for nitrogen removal, which is described later in this chapter. For nitrification in
batch fed systems or for aerobic reactors in series, it may be more appropriate to model both AOB and
NOB to determine treatment NH;,-Nand NO,-N concentrations (Chandran and Smets, 2000).

M aos = Hmax,a08 s } % } -B s Eq. 4-6

SNH +KNH _So + Ko,AOB

SNO 50

Mnos = HmaxNos So +K o |:So +K0,NOB:| bos Eq. 4-7
Where:
Maos = Specific growth rate of ammonia-oxidizing bacteria, g VSS/g VSS — d
Hnos = Specific growth rate of nitrite-oxidizing bacteria, g VSS/g VSS —d
MMAX AOB = Maximum specific growth rate of ammonia-oxidizing bacteria, g VSS/g VSS - d
MMAX,NOB = Maximum specific growth rate of nitrite-oxidizing bacteria, g VSS/g VSS —d
bAOB = Specific endogenous decay rate of ammonia-oxidizing bacteria, g VSS lost/g VSS —d
bNOB = Specific endogenous decay rate of ammonia-oxidizing bacteria, g VSS lost/g VSS —d
SnH = NH",— N concentration, mg/L
Knn = Half-velocity coefficient for NH*,— N, mg/L
So = DO concentration, mg/L
Ko,a08 = Half — velocity coefficient for DO for AOB, mg/L
Sno = NO’, — N concentration, mg/L
Kno = Half — velocity coefficiency for NO', — N, mg/L
Ko,noB = Half — velocity coefficient for DO for NOB, mg/L

The next several equations describe the specific growth rate of AOB, volumetric NH4-N oxidation
rates, and effluent NH,-N concentration as a function of kinetic parameters and system SRT. An
identical set of equations can be used for NOB to describe NO,-N oxidation kinetics and are not written
here.
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Maoe = <= Eq. 4-8

B Ky (1+b,05SRT)
SRT(umax,AOB,DO - bAOB) -1.0

Eq. 4-9

NH

(u )(S,)

Mmax,a08,00 = mexEAR Eqg. 4-10
(So + Ko,AOB)

Where:

SRT = Solids retention time, days

Mmax,A0B,D0 = Wmax0s COrrected for DO concentration, g/g — day

The next set of kinetic equations describes nitrification rates in batch tests using activated
sludge or nitrifier enrichments grown in bench-scale studies. In this case, only the equations for AOB are
shown but a similar set of equations would apply to NOB. From the Monod equation, bacteria-specific
growth rate can be described as a function of substrate utilization.

r.x AOB SNH So
M aoe =’_=umax,AOB|: Eqg. 4-11
XAOB SNH + KNH SO + KO,AOB
Where:
reaos = AOB growth rate, mg/L —day
Xaos = AOB concentration, mg/L
S S
M a0B = umax,AOB|: NHK :|{ Iz :|XAOB Eqg. 4-12
SNH + NH So + 0,AOB

The rate of biomass growth is a function of the substrate utilization rate and synthesis yield coefficient:

Mv,a08 = o8 (Myi) Eqg. 4-13
Where:
Inu = NH", — N oxidation rate, mg/L - day

Combining Equations 4.12 and 4.13 gives the NH,;-N utilization rate.
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s s
o :{”maX'AOB }{ N }{ o }XAOB Eq. 4-14
YAOB SNH + KNH S0 + KO,AOB

Besides the kinetic model parameters, the ammonia utilization rate depends on the AOB
concentration, which can be calculated from a mass balance on the average daily amount of ammonia
oxidized, the AOB synthesis yield and endogenous decay coefficient, and the average SRT
(Tchobanoglous et al. 2003).

X, = Q(Y,0s)(NOX)SRT Eq. 4-15
V(1+b,,,SRT)

Where:

XAOB = AOB concentration, mg/L

Q = Average daily influent flow, L/day

Nox = NH", — N oxidized by AOB from influent, mg/L

\Y = Volume of reactor containing AOB, L

Combining Equations 4-14 and 4-15 gives the NH,4-N utilization rate with the growth reactor AOB:

S\ S, Q(Nox)SRT
i = Hmax.a08 Eq. 4-16
San Ky || So +Kq aoe V(1+b,,zSRT)

Equations 4-9 and 4-16 represent expressions that can be used for two different types of tests
to obtain nitrification kinetics. In the first case, the effluent NH,-N concentration is measured at
different operating SRTs to fit the model to obtain the maximum specific growth rate, Wmax,aos- FOr
Equation 4-16, careful measurement of NH4-N oxidation over time and SRT control and maintenance is
needed before using the reactor biomass in batch nitrification tests in which ryy versus Syy is measured
to obtain pmaxaos by model fitting. It should be noted that in both cases the value used for the
endogenous decay rate, baog, affects the calculated pmaxaos Value.

4.5.1 AOB kinetics

In the nitrification model equations shown previously, the value used for the specific decay
coefficient directly affects the calculated pmaxaos value. For a given observed nitrification rate or effluent
NH;-N concentration with SRT, higher specific decay coefficient values result in higher P a0s Values and
vice versa. Thus, it is difficult to compare nitrification kinetic values between studies without knowing
the value for baog, and the maximum specific growth rate is not accurately determined without an
accurate determination of the specific endogenous decay rate coefficient (Dold et al. 2005).

In early work on nitrification kinetics, the specific endogenous decay rate was believed to be
very low and generally ighored (Downing et al. 1964; USEPA 1993). Tests evaluating AOB nitrification
kinetics revealed the importance of the specific endogenous decay rate value (Melcer et al. 2003).
Similar wmax,ao0s Values were obtained in a study using three different experimental methods to obtain
nitrification kinetics and applying a baos value of 0.17 g/g-d obtained in a separate test method (Dold et
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al. 2002; Melcer et al. 2003). The specific endogenous decay coefficient obtained in the Water
Environment Research Foundation (WERF) study is included in Table 4-3 and compares closely to results
from other studies aimed at determining baos. Manser et al. (2006) obtained similar specific
endogenous decay rates for AOB and NOB and, in addition, obtained similar rates for membrane
bioreactor (MBR) and conventional clarification activated sludge.

Lower specific endogenous decay coefficients have been found for anoxic-aerobic systems with
Lee and Oleszkiewicz (2003), Nowak et al. (1994), and Siegrist et al. (1999) reporting about a 50-percent
reduction in the decay rate. Temperature is also known to affect the endogenous decay rate of both
heterotrophic and autotrophic microorganisms. The effect of temperature on the AOB endogenous
decay rate was also determined in the WERF study (Melcer et al. 2003) from 10 to 20°C, and the
temperature coefficient, 6, was found to be 1.029 in the temperature relationship given in Eq. 4-17
below.

bAOB,T = bAoB,zo (‘9)”720) Eq. 4-17
Where:

baos T = Endogenous decay rate at temperature T, °C

baos 20 = Endogenous decay rate at 200C

e = Temperature coefficient, 1.029

Table 4-3. Summary of Test Results on Measuring Specific Endogenous Decay Coefficient
Rates (All Rates at 20°C)

Specific endogenous
Nitrifier | decay rate (b), g VSS/g
Bacteria or source group VSS-day Reference
Aerobic activated sludge AOB 0.17 Melcer et al., 2003
Nitrobacter NOB 0.14 Copp and Murphy, 1995

Aerobic activated sludge AOB 0.17 Copp and Murphy, 1995

Aerobic activated sludge AOB 0.15* Manser et al., 2006

Aerobic activated sludge NOB 0.14* Manser et al., 2006

Aerobic activated sludge AOB 0.20** Nowak et al., 1994

Aerobic activated sludge AOB 0.21** Siegrist et al., 1999

Aerobic activated sludge AOB 0.15 Lee and Oleszkiewicz, 2002
Anoxic-aerobic activated sludge AOB 0.10 Lee and Oleszkiewicz, 2003

Aerobic activated sludge AOB 0.09 Katehis et al., 2002

* Showed similar results for membrane bioreactor and conventional activated sludge systems.
** Reported that the decay rate under anoxic conditions was about % of the aerobic system rate.

Often referred to as paur, the Umex value for AOB and NOB is a critical kinetic parameter and
shown to be a function of temperature. AOB has historically been the focus of these kinetic evaluations,
and results on the 20°C value and effect of temperature have varied widely. Reported values for early
studies on AOB . at 20°C range from 0.32-0.77 g/g-day (Downing et al. 1964; Downing and Hopwood
1964; Barnard 1975; Lawrence and Brown 1976; Hall and Murphy 1980; Randall et al. 1992), but these
studies assumed negligible or very low specific endogenous decay rates. At the higher measured decay
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rate, the WERF study (Melcer et al. 2003) obtained a 20°C W, Value of 0.90 g/g-day for three different
test methods. However, more recent studies also show a wide range in AOB 20°C W, Values; 0.63 —
4.55 g/g-day (Chandran et al. 2008; Marsili-Libelli et al. 2001, and lacopozzi et al. 2007).

Similarly, the reported effect of temperature on the 20°C pmax value has also ranged widely with
the ratio of the 20°C tmax /10°C fimax from 2.2 to 3.7. The ratio in the WERF study (Melcer et al. 2003) was
2.0. Reported differences in kinetic data are the result of data analysis methods, activated sludge
characteristics, and operating conditions. Comparing or using only single kinetic parameter values
between studies may not be valid as the calculated kinetic value is related to the determined or
assumed values for other kinetic parameters in the nitrification model. Because a complete set of
model parameters were determined in the evaluation of AOB kinetics in the WERF study (Melcer et al.
2003), these values are given in the following nitrification AOB kinetic values in Table 4-4 for use in
nitrification kinetic modeling (Eq. 4-9 through 4-16). These studies were done at DO concentrations in
the 4-6 mg/L range so the DO half-saturation value was not evaluated. The value from the IWA activated
sludge model report is used here (Henze et al. 2000). Designers should not take these values as
absolute and if at all possible measure and calibrate nitrification kinetic values for the design facility
(See Chapter 10, Section 10.8 for additional discussion).

Table 4-4. Summary of AOB Nitrification Kinetic Coefficient Values.

20°C Temperature
Parameter Units Value correction value, 0
Yield, Y g VSS/g N oxidized 0.15 1.0
Specific endogenous decay
rate, b g VSS/g VSS-day 0.17 1.029
Maximum specific growth
rate, Umax g VSS/g VSS-day 0.90 1.072
Half-velocity coefficient,
Ky mg/L 0.70 1.0
Half-velocity coefficient, Kq
mg/L 0.50 1.0

Source: All from Melcer et al. (2003) except the DO half-velocity coefficient; from Henze et al. (2000).

Mixing, floc size, and site specific operating conditions can affect nitrification kinetics. Large floc
sizes and less mixing will have more diffusion limitations with lower inorganic nitrogen and DO
concentrations within the floc. Thus, lower specific nitrification rates will be observed as the rates are
normalized to the total VSS concentration or biomass concentration. The effect of kinetic limitations
was discussed by Manser et al. (2005) in which they observed lower AOB and NOB half-velocity
coefficient values (Table 4-5) for a conventional activated sludge versus MBR. The MBR had smaller floc
size, which they reasoned was due to greater agitation for membrane scour. The effect was greatest on
the oxygen half-velocity coefficient. If constant half-velocity coefficient values were assumed in
interpreting the test data, a lower observed L., Value would have been determined.
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Table 4-5. Comparison of Nitrification Half-Velocity Coefficients (mg/L) in MBR and
Conventional Activated Sludge (CAS) Systems

Nitrifier group MBR CAS
AOB

Oxygen, Ko 0.18 0.79

Ammonia, Kyy 0.13 0.14
NOB

Oxygen, Ko 0.13 0.47

Ammonia, Kyy 0.17 0.28

Source: Manser et al. 2005.

In addition to floc size, the oxygen uptake rate (OUR) of the activated sludge can affect the
observed nitrification rate at a given bulk liquid DO concentration due to more oxygen limitation in the
floc at greater OURs. Stensel et al. (1993) showed that for a staged nitrification aeration tank, a higher
DO concentration was needed to maintain the same nitrification rate at a given bulk liquid NH4-N
concentration for mixed liquor in the initial aerobic stages versus mid to latter stages. The higher OUR
resulted in greater oxygen limitations in the activated sludge floc and affected nitrification rates. The
effects of mixed liquor suspended solids (MLSS) concentration, floc size, and OUR are not currently
factored into nitrification kinetic models. Also note that the transfer rate of DO to the nitrifiers ceases
to be a significant nitrification factor in long hydraulic residence time (HRT) - long SRT systems such as
extended aeration systems. For these systems, complete nitrification can be accomplished at very low
DO concentrations, i.e. <0.3 mg/L, even though the kinetic rate would be faster if DO concentration was
higher.

4.5.2 NOB kinetics

NOB kinetics are of major interest with regard to treating high temperature anaerobic digestion
centrate or filtrate streams for nitrogen removal with the SHARON® process (discussed below) or for
operating conditions that lead to higher effluent NO,-N concentrations. Studies on NOB kinetics have
been based on model fitting of pilot plant or bench-scale results in which selected parameters have
been arbitrarily fixed or on evaluating one particular kinetic effect such as DO concentration. Previous
work has shown that NOB are inhibited at low DO concentrations with NO,-N concentrations increasing
at low DO (Picioreanu et al. 1997; Garrido et al. 1997; Peng and Zhu 2006; Contreras et al. 2008),
suggesting a higher K, for NOB than AOB. Values for K, for studies with NOB ranged from 0.50 to 1.75
mg/L. For studies with both NOB and AOB, the ratio of the NOB to AOB DO half velocity coefficients
were 2.36 (Guisasola et al. 2005), 1.4 (Ciudad et al. 2006), and 0.59 (Manser et al. 2005). Absolute
values of oxygen half-velocity coefficients depend on the operating and activated sludge floc conditions
and possible diffusion limitations in addition to the bacterial affinity for DO.

Nitrite oxidation Kinetic coefficients used in model fits vary widely (Sin et al., 2008). Lacopozzi
et al. (2007) presented a model for the two-step nitrification process using 20°C pmax Values from Marsili-
Libellie et al. (2001) of 0.63 g/d-d for AOB and 1.04 g/g-d for NOB. Based on Eq. 4-17, their assumed
temperature coefficient, 6, values for pm. were 1.06 for both AOB and NOB. However, Kaelin et al.
(2009) fit a two-step AOB and NOB kinetic model to BNR pilot plant data at winter and summer
conditions with constant or intermittent aeration. Their data fit resulted in 20°C pax Values of 0.90 and
0.65 g/g-d for AOB and NOB, respectively. They found that the effect of temperature was more
pronounced with AOB versus NOB, and based on Eq. 4-17, their temperature coefficient, 6, values for
both pma and b were 1.13 for AOB and 1.08 for NOB. These results are consistent with observations that
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at higher temperatures, above 25°C, effluent NO,-N concentrations can be higher than NO3-N
concentrations. There is little work on half-velocity coefficients for NO,-N oxidation by NOB. Manser et
al. (2005), in a comparative study, found that the NOB N substrate half-velocity coefficient was slightly
higher than that for AOB, but observations on activated sludge nitrification suggests a lower half-
velocity coefficient value. Based on the information in Table 4-3, the specific endogenous decay rate
may be assumed equal at 20°C for AOB and NOB

A possible set of kinetic coefficients for NOB are given in Table 4-6 and are selected to
represent the generally observed effects of temperature and DO concentration. The DO half-velocity
coefficient is much lower than that for AOB, as shown by Contreras et al. (2008) and Guisasola et al.
(2005). More research is needed on NOB kinetics, and site specific testing for model calibration may
give a different set of values than that shown in Table 4-6.

Table 4-6. Summary of NOB Nitrification Kinetic Coefficient Values

20°C Temperature
Parameter Units Value correction value, 0
Yield, Y g VSS/g N oxidized 0.05 1.0
Specific endogenous decay
rate, b g VSS/g VSS-day 0.17 1.063
Maximum specific growth
rate, umax g VSS/g VSS-day 1.00 1.063
Half-velocity coefficient,
Kyo mg/L 0.20 1.0
Half-velocity coefficient, Kq
mg/L 0.90 1.0

4.5.3 Effects of Temperature and Dissolved Oxygen on Nitrification Kinetics

The effects of temperature and aeration tank DO concentration on effluent NH4-N and NO,-N
concentrations are illustrated in Figures 4-2 and 4-3, respectively for a single completely-mixed activated
sludge (CMAS) aeration tank using Egs. 4-9 and 4-10. No safety factors are built into these graphical
presentations. Figure 4-2 shows that a much longer SRT is needed at a lower temperature to achieve
low effluent NH;-N concentrations and that the effluent NO,-N concentration is always lower than the
NH,4-N concentration. The example in Figure 4-3 shows that at the longer SRT needed to have an effluent
NH,-N concentration of 1.0 mg/L in a CMAS system at 10°C the effect of DO concentration on the
effluent NO,-N concentration is minimal, but at the higher 20°C temperature and lower SRT needed to
achieve an effluent NH,-N concentration of 1.0 mg/L, lower DO concentrations result in much higher
effluent NO,-N concentrations.
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Figure 4-2. Effect of SRT and temperature on effluent NH,*-N and NO,-N concentrations using kinetic data in Table 4-6 and 4-4
for CMAS with no safety factor
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